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1. INTRODUCTION 
The metal hydrides have been the focus of considerable attention 
within the last several years. A number of unique features of the metal -
hydrogen systems have encouraged these investigative efforts. First, be­
cause of its small size and mass, hydrogen diffuses readily through the 
metal lattice at moderate temperatures. Its diffusion rate in a metal 
at room temperature is comparable in size to the rate of molecular motion 
in a liquid. No other interstitial moves as rapidly or as readily. This 
feature has already spawned a number of useful applications for the metal 
hydrides and promises considerably more. Second, the relative simplicity 
of the hydrogen atom in comparison with other interstitials has led in­
vestigators to believe that the metal - hydrogen system might be more 
readily understood than other metal - interstitial systems. These 
features, coupled with a number of known and potential applications, have 
spurred numerous investigators to examine these systems. A substantial 
number of techniques have been employed to date, nuclear magnetic reso­
nance being one of them. 
In the majority of cases, the replacement of hydrogen with deuterium 
in a system represents only a minor change in the properties of that sys­
tem. In the case of the neutron diffraction technique, such a replacement 
has aided in the identification of the hydrogen (deuterium) interstitial 
sites in several metal - hydrogen (deuterium) systems. Such a substitu­
tion could prove similarly profitable in nuclear magnetic resonance studies 
of these systems. The electric quadrupole moment of the deuterium nucleus 
2 
allows an examination of the electrical environment of the nucleus not 
possible with the hydrogen nucleus. At the outset of this investigation 
such a substitution of deuterium for hydrogen for the purposes of an NMR 
study had been rarely attempted. As a result, this NMR investigation of 
the vanadium, niobium and tantalum deuterides was undertaken. 
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I I. THEORY 
A. The Knight Shift 
The nuclei of a number of isotopes have a nonzero spin I and hence, 
have a magnetic moment u given by 
U = 7^1 (2.1) 
where A is Planck's constant divided by In and 7 is the gyromagnetic 
ratio characteristic of the nuclear species. When placed in a magnetic 
field each nucleus has an orîentational dependent (Zeeman) inter­
action of 
3C = . (2.2) 
If the magnetic field direction is chosen as the 2 direction, the 21+1 
equally spaced energy levels are 
E = -7*H m (2.3) 
m o 
where m is the quantum number ranging from -I to I in steps of one. 
The energy difference between adjacent levels in frequency units is 
"o ° è "o = ''"o • (2-4) 
The application of a radio frequency field of this frequency at right 
angles to the magnetic field induces transitions between adjacent 
levels which can be detected as an NMR signal. In practice, this rela­
tion of applied field and resonance frequency holds only for dia-
magnetic materials. In metallic materials the relationship between the 
observed resonance frequency and the applied magnetic field is altered 
4 
to 
= (1 + K) = (1 + K)Vq . (2.5) 
The quantity K is called the Knight shift (1) and is defined as 
V V 
K — m o (2 .6 )  
V o 
for measurements at constant magnetic field and as 
(2.7) 
for measurements at constant frequency. The Knight shift is typically 
of the order of a few percent or less and arises from the interaction 
of the nucleus with the conduction electrons. In the most general 
case, K is anisotropic having an orientational dependence. No such 
dependence is observable in the deuterium and metal resonances of the 
metal deuterides examined here, so that only the isotropic Knight shift 
is considered below. 
In the transition metals and compounds, the Knight shift contains 
several contributions (2): an s-electron contact interaction, a d-
electron core polarization and a d-electron orbital component. 
The s-electron portion consists of the magnetic field at the nuclear 
site resulting from the unpaired s-electron spins present. It can be 
expressed (3) as 
where p is the Bohr magneton, Ng(ep) is the density of s-electron states 
(2.8) 
Kg = |^p\(€p)V <|+s(k,0)|2)ps (2.9) 
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at the Fermi surface, <li]r^(k,0)l >pg is the average over the Fermi sur­
face of the square of the s-electron wave function at the nuclear site, 
and V is the volume over which ^^(k,x) is normalized. Since N^(ep) is 
related to the Pauli spin susceptibility Xp through 
X= = p\(ep), (2.10) 
the Knight shift can be expressed in terms of Xp by 
(2 .11)  
where 
a = 5* V (|*s(k,0)|2)p2 . (2.12) 
This component of the shift is both temperature independent and isotropic. 
Although the d-electrons in the transition metals have a vanishing 
probability at the nuclear site, they can induce an imbalance in the spin 
density of paired inner s-electrons called core polarization. Hence, 
they can have au indirect role in determining the shift. This portion of 
the shift is 
Kd=bx^ (2.13) 
where Xp = and Ny(ep) is the density of d-electron states at 
the Fermi surface. is opposite in sign to and may be temperature 
dependent. 
The orbital contribution to the shift is analogous to the Van Vleck 
paramagnetism of essentially free ions, being a second order quantum mech­
anical effect and temperature independent. The shift is proportional to 
the susceptibility as before 
6 
(2.14) 
The results above suggest that for a given applied field all the 
nuclei in a solid resonate at one frequency. In reality, there are sev­
eral processes which broaden the single resonance frequency into a 
Gaussian or Lorentzian distribution (4). One mechanism (dipolar broaden­
ing) involves the presence at one nuclear site of a small magnetic field 
due to the neighboring nuclear magnetic dipole moments. The inhomogeneity 
of the applied magnetic field provides an additional source of line broad­
ening. A third source of broadening important for nuclei with an electric 
quadrupole moment is quadrupolar inhomogeneous broadening. Imperfections 
in the crystal structure, created by dislocations, strains, vacancies, 
interstitials, etc., create electric field gradients at the nuclear sites 
which vary in both orientation and magnitude from site to site. For nu­
clei with large quadrupole moments (e.g. ^^Va, ^^Nb), this mechanism can 
be sufficiently strong to make the satellites and/or resonance unobserv-
able (5). In the metal deuterides examined here all three of these mech­
anisms were present. Their relative importance for each nuclear species 
will be discussed later. 
2- The HamiItonian 
The nucleus of an atom, when placed in a solid, interacts electri­
cally with its surroundings with an electrostatic energy (6) given classi­
cally by 
B. The Nuclear Electric Quadrupole Interaction 
(2.15) 
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where p(x) is the nuclear charge density, V(x) is the electric potential 
arising from the charges encircling the nucleus, and the integral is over 
_ ] 2 
the nuclear volume. Because of the small size of the nucleus 10 cm) 
—8 
with respect to atomic dimensions (~ 10 cm), it is profitable to expand 
V(x) in a Taylor series about the center of mass 
v(x) = v(o) +2 + (2-16) 
'x—O J ' J X = o 
where the indices i and j range over 1,2,3 and (XjfXg,/^) = (x, y, z). 
Then 
E= ZeV(o) + ZP.(|%-) + ••• (2.17) 
' ' x=0 '•> ' J x=o 
where 
JyO(x)x.d^x = P. = electric dipole moment (2.18) 
Jyp(x)x.xjd^x = q!J = electric quadrupole moment . (2.19) 
The first term in Eq. (2.17) is a constant that is both unobservable and 
uninteresting from an NMR viewpoint. The second term is zero. Experi­
mentally, no nuclear electric dipole moments are known to exist and, 
quantum mechanically, the electric dipole moment can be shown to vanish 
assuming only a definite parity for the nuclear ground state wave func­
tion (6,7). Analogously, all additional terms in Eq. (2..17) containing 
an odd power of x. similarly vanish. We are left with 
E = 4  E  v . .  0 . 1 . + higher order terms (2.20) 
2 îj ij ^ij 
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where 
"ij = • <2-21) 
' J x=0 
The first term is the scalar product of the electric field gradient 
tensor V.. and the nuclear electric quadrupole moment tensor Q,... The 
'J ^ _I2 2 g 'J 
next higher order term is a factor of ( g—= 10 smaller in energy 
icr*cm 
and so negligible for our purposes. 
The equivalent quantum mechanical expression for the electric quad­
rupole energy is the matrix 
<Im'ISC^llm) = M.. <Im' |(l^|lm> (2.22) 
where is symmetric. A more useful traceless symmetric tensor Q..j is 
defined by 
»!j = I V (2.23) 
and Eq. (2.22) becomes 
<Im' |3C^|lm> = ^ <Im' (2.24) 
where a constant term has been dropped. The matrix elements given by 
<Im'Iq.J llm) = (Im'l J^d^xp (x) (3x.xj - 6_r^)|lm> (2.25) 
can be conviently evaluated using the Wigner-Eckart Theorem, it states 
that this matrix element is proportional to the corresponding matrix 
element involving the components of I with a proportionality constant C 
that depends only on I, not m or m'. • 
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( I m ' p  ( x ) ( 3 x . x j  -  6 . j r ^ ) | l m >  
= C + Ij.Ij) - . (2.26) 
Defining the nuclear electric quadrupole moment Q, in units of the proton 
charge e as 
ed = (x) (Szf - r^)\ll) , (2.27) 
the constant C is 
^ " 1(21- 1) (2.28) 
and the quadrupole hamiltonian matrix becomes 
<Im'iKj^llm) = 6j(2I - 1) ?j ^ij ^ ^j^i^ 
- ï-ïôjj !lm> . (2.29) 
Physically, the nuclear electric quadrupole moment Q, measures the de­
parture of the nuclear shape from spherical symmetry, Q, > 0 for elon­
gation along the direction of spin and Q, < 0 for compression. Note that 
for 1=0, 1/2 Q. is identically zero. Only for I > 1 is the quadrupole 
moment nonzero. 
By construction the electric field gradient tensor V.j is symmetric. 
It is also traceless by virtue of the fact that it arises from the non-
s-type electrons which have a vanishing probability at the nuclear site. 
Hence, Poisson's equation reduces to Laplace's equation at the nuclear 
site. By a convenient, but not unduly restrictive, choice of coordinate 
systems the components of V.j satisfy 
10 
^ |Vy,y, |  ^ .  (2.30) 
The two independent parameters T) and q can then be usefully defined as 
eq = V , , = (^-^) (2.31) 
S:' ;= 0 
11 = (2.32) 
z'z' 
where 0 < T] < 1. With the use of these definitions Eq. (2.29) reduces 
to 
2 
<Im' = z^(ffriy <Im' ( 3l/ - Ï-Ï + Tl(l/-Iy^) |lm).(2.33) 
2. The combined magnetic dipole - e1ectric quadrupole interaction 
In the NMR regime the electric quadrupole interaction is an inter­
esting and useful perturbation of the Zeeman interaction. It destroys 
the equal spacing of the energy levels, splitting the resonance into 
its 21 components. The total Hamiltonian is 
K = 3C + % (2.34) 
m Q, 
with energy levels 
E = Z E (k) (2.35) 
1^ 0 
(k) 
where E^ is the k-th order perturbation on the magnetic energy levels. 
By standard perturbation theory the first three terms are 
E = -myAH = -mhv (2.36) 
m ' o o 
11 
En/') = (imlKqlW (2.37) 
(2.38) 
m I 
where the prime on the summation means i^ m. 
C. The Spin One Case: Deuterium Resonance 
J. Energy levels and transition frequencies 
In the case of the spin one deuterium resonance in the deuterides 
of vanadium, niobium and tantalum, first order perturbation theory is 
sufficient to describe the electric quadrupole splitting of the reso­
nance. The energy levels are 
where the primes on the subscripts in the second term indicate that 
these spin operators are defined in the principal coordinate system of 
the electric field gradient (EFG). To evaluate the matrix element we 
must specify these spin operators in terms of their counterparts in the 
coordinate axes system defined by the applied magnetic field, the lab 
system. This is easily done by identifying the Euler angles relating the 
two coordinate systems (see Figure 2.1). Without loss of generality the 
angle 0 can be taken as zero to simplify the calculations. Then the 
transformation equations are 
e^Qq 
+ 41(21-1) <Im|3I /-Î'Î + TKI /-I .^) |lm> (2.39) ^ A y 
12 
Figure 2.1. The principal axes of the EFG (the primed axes) are located 
with respect to the laboratory axes (unprimed axes) by the 
Euler angles 0 and i{r. 
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ly, = sin tJt + ly cos 0 cos i|r + sin 0 cos i|r (2.41) 
= -ly sin 0 + cos 0 . (2.42) 
After considerable algebra and utilization of the following 
= 0 if i ^  j (2.43) 
= j  jlm) (2.44) 
we arrive at 
E^= -mhvo + 8Ï(fï^[3>Ti^-1(1+1) 1 
[3 cos^ 0 - 1 + T] cos 2iSr(cos^0- 1 )] . (2.45) 
Defining the lowest pure quadrupole frequency as 
21(21-l)h 
the energies are 
hv^ 9 
= -mhVg + "j"2 -1(1+1)] 
m 
(2.46) 
[3 cos^ 0-1 + T] cos 2iJr(cos^ 0-1)] . (2.47) 
For the deuterium nucleus 1=1, there are three energy levels and two 
transition frequencies 
hv 
E , = -hv + 0 (2.48) 
+ 1 o M 
14 
(2.49) 
(2.50) 
where 
2 2 0=3 cos 0-1 +1] cos 2ilt ( cos 0 - 1 ) . (2.51) 
The position and separation of the energy levels are a function of 0, 
and T) as seen in Figure 2.2. For a crystallite with Euler angles 
(0,0,^), there are two possible resonance frequencies. 
2. Polycrystal1ine 1ineshapes 
When studying metallic materials byNMR, a powdered sample (i.e. 
a large number of small crystallites) is commonly used. The distortion 
and loss of signal due to skin depth effects are thus avoided by the 
study of crystallites whose size is smaller than the skin depth of the 
material. In the metallic deuterides studied, 325 mesh particles having 
a characteristic dimension d = 0.043 mm were examined. In the niobium 
metal case where the classical skin depth 6^ is the smallest, 6^ = 0.141 
mm at 10 MHz and, hence, skin depth effects in the metal deuterides are 
negligible. 
The necessity of studying powdered samples presents a further compli­
cation in determining the expected 11neshapes. The spectrum is now a 
(2.52) 
v(0'—'-1) = V + —^ 0 (2.53) 
15 
H^C 
% 
y \ 
^«0* 
17-0 
4 
He^O 
V^*0 
6'90* 
'rjmO 
»o*o 
y^*o 
6 m so* 
fj iO 
1^.90* 
Figure 2,2. The energy level diagram of a spin 1 nucleus experiencing 
both a Zeeman and a quadrupole interaction. The magnetic 
field splits the levels equally. The quadrupole inter­
action then perturbs these levels in a manner that is 
dependent on 0, tJt;, and T]. The values given for the energy 
differences are in frequency units and are exaggerated for 
convenience. 
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weighted average over a large number of single crystal spectra, since 
crystal 1ities of all orientations are present in the sample. For the 
case of axial symmetry (T1 = 0), only an average over 0 is required. 
Consider the m = 0 —• -1 transition. B/ Eq. (2.53) the limits of 0 and 
within which an individual crystallite resonance must lie. The intensity 
of the resonance at some frequency in this range depends upon the number 
of crystallites having a 0 value corresponding to that frequency. How­
ever, the number of crystallites at 0 varies with 0, increasing as 0 
approaches %/2. For illustrative purposes, consider each crystallite to 
be represented by a unit vector having the same orientation. A trans­
lation without change in orientation of these unit vectors until they 
have a common origin, results in a uniform density of vector tips on 
the surface of a sphere. The intensity P(v) of the resonance at v in 
the range dv is then proportional to the number of crystallites at 0 
in d0, that is, the number of vector tips on the surface at 0 in d0. 
Then we have 
:it/2 for 0 establish a range of allowed frequencies, to , 
P(v)dv = ^ sin 0 d0 = -^ d (cos 0) (2.54) 
or 
P(v) = i ld(cos 0) 
- 1  
(2.55) 
For Eq. (2.53) 
P(x) = r 
\'3 v/2x+ 1 
(2.56) 
V - V g  
where x = with 2 ^ X 1 
17 
and P(x) is normalized to 1. (See Figure 2.3a). There are two features 
to note in Figure 2.3a: the singularity at 0 = %/2, V - V . Is  and 
the.step at 0 = 0°^ v = . For T] 0 an additional feature is 
observed called the shoulder, as seen in Figure 2.3b. 
The situation where Tj is nonzero is more complex with both 0 and 
ijf being averaged. Bloembergen and Rowland (7) have derived the NMR 
1ineshape for the general case where 
2 2 2 2 2 
= sin 0 cos ijr + sin 0 sin ijr + cos 9 (2.57) 
and > Vg > Rearranging Eq. (2.53) into this form we have 
T |  2  2 1 1 2  2 3 2  V = - J s:n @ cos + g sin 8 sin ^ ^ cos 0 (2.58) 
where v = x + -^ and x = 
2 v^/2 Then 
_  U  - 1  _ 1 
" "2' *2 - 2' Vg - 2 ' (2-59) 
For a constant 0 value 
 ^= 211 sin^ 0 sint cos ij; (2.60) 
and the 1ineshape is 
= 1^1 = 
- 1  
12T1 sin^ 0 sinf cosijr} 
(2.61) 
or eliminating the ijr dependence by use of Eq. (2.58) 
I (8,v) = 
g- sin^e (v - I cos^0)^ 
(2 .62)  
18 
POWDER ABSORPTION LINESHAPES 
INTEGRAL SPIN 
INNER SATELLITE 
71=0.0 
a. 
9 = 90° g=0° 
SINGULARITY STEP 
b. 
0=90° 6=90° 9=0° 
^=0° <#'=90° \ff=any 
SHOULDER SINGULARITY STEP 
Figure 2.3. The powder absorption lineshapes of an inner satellite for 
the integer spin cass are shown for '1 = 0.0 and 0.5. The 
reflection of the lineshape about v gives the corresponding 
satellite of the satellite pair. ° 
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But there is a range of allowed 0 values so that actual lineshape is 
I(v) = J l'(8,v) sin 0d0 (2.63) 
f 2 s i n 0 d 0 
sin^0 - (v - ccs^0)^ 
(2.64) 
The demonïnator of Eq. (2.64) places limits on the range of permissable 
0 values, the limits depending on v. The v and corresponding 0 values 
conveniently separate into four ranges. For v > 3/2 or v < -Tl/2 no 
0 values are permitted and I(v) = 0. For Tl/2 ^ v ^ 3/2, the allowed 
0 values are ^ cos^0 ^ whi le for - v ^ ^ ; they are 
^3 ^ cos^0 ^ 0. After considerable effort, Eq. (2.64) can be put in­
to the form of a complete elliptic integral of the first kind for each 
range of v values. For - Tl/2 ^ v ^ T]/2 
-1 /2  
J(3 - 2v)Tl ' dy(2.65) 
and for Tl/2 ^ 7] s 3/2 
These lineshapes are most commonly expressed as 
(x) = 0 for X > 1 or X < - ( 1/2) ( 1 +T1) (2.67) 
P _ ( x )  =  — f o r  -  %  ( 1  +T|) 3  X  3  ^  ( 1  - ^ )  ( 2 . 6 8 )  
20 
where sin a = S(x) 
P-n (x) = —==^L==: for - j (1-71) ^ X ^ 1 (2.69) 
^ «j(2x+1+Tl)(3-Tl)' 2 
"• 1 
where sin a = S (x) 
y(0*—» _]) - y j  
X = 77 (2.71) 
and K(a) is the complete elliptic intergral of the first kind. The 
lineshape for several values of T| is seen in Figure 2.4. Note that as 
1] increases from zero the singularity moves toward the center and a new 
feature, the shoulder, appears and moves outward at the same rate. 
Recall that from Figure 2.2 there are two resonance transitions 
associated with each crystallite. The above lineshape describes the 
NMR spectrum resulting from one of these (see Eq, (2.53)) for a powdered 
sample. The other transition (see Eq. (2.52)) produces a similar line-
shape, being just the reflection of the above spectrum about v^. The 
total spectrum is the sum of the two and is seen in Figure 2.5a for the 
case T] = 0.18. As mentioned earlier, there are a number of processes 
which broaden the calculated lineshape. The results of such broadening 
mechanisms are also seen in Figure 2.5a. Experimentally, the derivative 
of the absorption lineshape is observed. For the absorption lineshape 
in Figure 2.5a, the expected derivative lineshape is seen in Figure 2.5b. 
In Figures 2.6 and 2.7 the derivative spectra for a number of T| values 
17=0 
SATELLITE LINE 
SHAPES FOR t) = 0, 0.5, AND 1.0 
3.0 INTENSITY 
(NORMALIZED 
TO TT) 
20 7;=0.5, 
-0.5 -0.25 0.25 0 0.5 
Figure 2.4. The low frequency satellite distribution function for 
T] = 0.0, 0.5, and 1.0. The distribution functions are 
normalized to 
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10 
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SATELLITE LINE SHAPE 
ff ' 0 18 
oooo UNBROAOENEO DISTRIBUTION 
BROADENED LINE SHAPE 
-0.60 -0.40 -0.20 0-00 0.20 0.40 0.60 
OCRiVATIVE OF SATELLITE 
UNE SHAPE 
1» •0.18 
w 
s 
5 
w > 
F $ 
£ 
8 
-0.60 -0.40 -0.20 0.40 QOO 0.20 0.60 
Prol/'Q 
Figure 2.5. Synthetic satellite lineshapes generated by computer. The 
dotted Ilneshape In the top figure Is the unbroadened dis­
tribution function for i] • 0.18 and the smooth curve Is the 
broadened Ilneshape. The bottom figure shows the derivative 
cf the Hnsshsps 
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g 
h-
m 
cr 
< 
LU 
Q 
3 f-
> 
I 
ce 
LU 
Q 
77 = 0.40 
77 = 030 
FIELD STRENGTH (KOE) 
Figure 2.6. The powder absorption derivative lineshapes are shown for 
fixed vq^ and varying Tj. Note the splitting of the singu­
larities (largest peaks at T| = 0.0) as T| increases from 0. 
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FIELD STRENGTH (KOE) 
Figure 2.7. The remainder of the derivative lineshapes are shown. The 
shoulders emerge from the singularities and move outward 
as the weakened singularities move towards the center. 
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are shown. Note that the abscissa had been changed from frequency to 
magnetic field units via v = yH. The spectra in Figures 2.5, 2.6 and 
2,7 are synthetic lineshapes generated from Eqs. (2.68) and (2.69) by 
the computer programs of Dr. T. Pinter of the Computer Division of the 
Ames Laboratory. These programs will be discussed later in connection 
with the data analysis. 
The derivative spectra have, in general, six features of interest. 
Near T] = 0 only four features are observable, the two small outer peaks, 
the steps, and the two larger inner characters, the singularities. Be­
cause of their small size near this value of T|, the steps are sometimes 
unobservable. As T| increases the steps grow in size but remain fixed 
in position and the singularities split- The shoulders grow out of the 
singularities and move outward towards the steps as the weakened singu­
larities move together. The separations between corresponding features 
are 
A^steps = (2-72) 
A^shoulders = ^ <2.73) 
^^singularities "T • (2.7't) 
Measurements of any two of these splittings allows determination of 
both T] and VQ^. 
D. The Half - Odd - integer Spin Case: Metal Resonances 
The vanadium, niobium and tantalum resonances differ from the 
deuterium resonance in several important facets. First, all three of 
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the metal nuclei have half - odd - integer spin: I = 7/2 for 
I = 9/2 for and I = 7/2 for ^^^Ta. Their spectra are characterized 
by a strong central transition. Second, the electric quadrupole inter­
action is stronger, especially for Ta and Nb, because of their large 
quadrupole moments. Third, there are appreciable Knight shifts in the 
metal resonances. 
To second order in the electric quadrupole interaction, the single 
crystal energy levels for the axial ly symmetric case (T} = 0) are (8) 
= -mhVg ( 1 + K) + [3m^ - 1(1+1) - 1 ] 
- m(l 181(1+1) - 34m^ - 5} (2.75) 
0 
- 121(1+1) - 2m^ - 1|] 
where w = cos 0 and the isotropic Knight shift has been included in the 
first term. No anîsotropy in the Knight shift was observed for the metal 
resonances and so that conplication will not be discussed here (9). The 
transition frequencies correct to second order are then (9) 
7 1 
v(m'—' m-1) =Vq(I+K) + g (^M - 1 ) (m - g) + 
2 
^ (1-M^) [M^h02m(m-1) - 181(1+1) + 39} (2.76) 
o 
- {6m(m-1) - 21(1 + 1) +3|3 • 
The first term corresponds to the increased (or decreased) splitting of 
the energy levels without the loss of the degeneracy of the 21 transition 
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frequencies. The first order quadrupole perturbation destroys this 
degeneracy completely leaving only the central transition frequency 
v(l/2'—»-1/2) unchanged. The 21 - 1 other frequencies ("satellites") 
are symmetrically placed around the central transition. The presence 
of a second order quadrupole perturbation dissolves this symmetry 
shifting pairs of satellites equally. The intensity of the component 
m<—» m - 1 is proportional to 1(1 + 1) - m (m-1) so that the central 
transition is the strongest with the satellites becoming progressively 
weaker as m increases. 
In addition for a polycrystal1ine sample, the second order term 
produces a splitting of the central transition, the position of the 
maxima being given by (9) 
= v^(I +K) + [1(1+1) - |] 
o 
2 
(2.77) 
2 
(1 +K) - ^ [1(1+ 1) - Il . 
o 
(2.78) 
93 We will return to these equations later in discussing the Nb resonance. 
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III. EXPERI MENTAL ASPECTS 
A. Samples 
j_. Preparation 
The metal deuteride samples consisted of two groups, the source of 
the metal being the distinction between the two. The first group con­
tained the deuterides made from metal obtained from the Ames Laboratory, 
USAEC. The second set comprised the deuterides made from metal purchased 
from the Ventron Corporation, The metal buttons obtained from the Ames 
Laboratory were filed, sieved to 325 mesh and cleaned of iron filings in 
an argon atmosphere. From these powders the metal deuterides VD^(R-l), 
NbD^(T-l), and TaD^(S-l) were made. The remaining deuterides were made 
from commercial powders of 325 mesh. 
The metal powders were deuterided by Dr. T. Scott and L. K, Reed 
of the Metallurgy Division of Ames Laboratory using deuterium gas of 
purity 99.5% obtained from the Matheson Company, The process consisted 
of heating the metal powders to 1000°C for several hours in a vacuum 
furnace to drive off the oxides and nitrides. After cooling to 800°C, 
the deuterium gas was introduced and the pressure adjusted to 600 mm of 
Hg. The temperature was reduced in 100°C steps and held at each step 
for one hour. In preparing the high concentration deuterides the pres­
sure was maintained at 600 mm throughout the cooling process. To obtain 
lower concentration samples, the sample chamber was initially filled 
with deuterium gas to 600 mm of Hg or less and then sealed during the 
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cooling process. It was particularly difficult to obtain a low deuterium 
concentration in the niobium case. 
Z, Analysis 
The impurity levels, in ppm by weight, of the Ames Laboratory and 
commercial metals are listed below, as provided by the sources. The 
commercial metals have the stated purities: Nb (m2N8), Ta (m3N;t2N6), 
and V (m2N7). 
Table 3.1 Impurity levels of metals 
Ames Laboratory Commerci al 
Impurity V Nb Ta V Nb Ta 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 
0 40 10 20 80 1700 
N 10 10 10 
C 9 8 20 900 50 
Ta <150 800 
Ti <25 <100 <1 100 
A1 27 <100 <1 200 
Ca <30 <20 1 
Cu <25 <20 .5 
Fe 45 <50 3 1000 80 150 
Mg <20 <50 <1 
Ni <50 <30 1 
Si <40 <50 <1 800 
Cr <80 1 600 
Mn <20 1 
Mo 10 
Nb 150 100 
W 50 
Others s 100 310 3 100 
The analysis of the deuterium concentration was done by Dr. D. 
Peterson of the Ames Laboratory. The method utilized the measurement of 
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the volume and pressure of the gas evolved from a weighed amount of 
sample heated to 800°C in a vacuum chamber. The analyses were estimated 
to be accurate to ±2%. The results are listed below. 
Table 3.2 Analysis of deuterium concentration 
T-1 
VOo.30 T-2 NbD(,_82 
™0.72 TaOo.76 T-3 "b»0.88 
VDo.27 5-4 1-4 
The deuterides of the commercial powders were suspected of containing 
relatively large amounts of oxygen and nitrogen compared with the deuter­
ides of the Ames Laboratory metals. However, an oxygen and nitrogen con­
tent analysis of the samples was not available. 
_3. X-ray results 
The crystal structure of all of the samples was examined by means 
of the usual (Debye-Scherrer) x-ray powder diffraction technique at room 
temperature. The facilities of Dr. H. F. Franzen of the Chemistry Divi­
sion of the Ames Laboratory were used in this work. The crystal struc­
tura diffraction lines were noticeably weak for all the samples, especial­
ly the vanadium ones, requiring exposure times of 24 hours. The d-values 
calculated from the powder diffraction patterns were compared with the 
computed d-values and intensities generated by the computer program of 
Yvon, a],. (10). The results were also compared with the published 
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x-ray results of a number of oxides and nitrides (11). Because of the 
small scattering factor for deuterium, its position in the crystal struc­
ture was not discernible. Hence, the x-ray results only yielded infor­
mation concerning the metal atom structure. 
The high concentration deuterium samples (NbD^ yg, NbDg and 
NbDfl gg) exhibited the face centered orthorhombic structure of Rashid 
and Scott (12). No niobium metal lines were observable in these samples. 
However, the lower concentration sample (NbD^ g^) showed strong metal 
lines having approximately the same intensity as the orthorhombic struc­
ture lines. A few (2 or 3) additional weak lines were detected in most 
of the samples, but none were attributable to the presence of oxides or 
ni trides. 
The TaD samples (TaD^ TaD^ TaDg and TaD^ ^g) had the 
same structure (13) as NbD but with slightly different lattice param­
eters (14). The majority of the x-ray diffraction lines arose from this 
face centered orthorhombic structure. There were several (5 or 5) lines 
present for each sample that could not be attributed to this structure. 
They had a smaller but nonnegligible intensity and did not arise from 
the presence of nitrides, oxides or tantalum metal in the sample. The 
source of these lines remains unidentified. 
All of the vandium deuterides (VDQ VDQ VDQ and VDQ 
showed definite evidence of the structure of Westlake and Mueller (15), 
similar to the structure of NbD and TaD mentioned earlier. There were 
also present a number of weaker lines characteristic of the body centered 
cubic solid solution phase. A small number (3 or 4) of additional lines 
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were discernible, and believed to be traceable to the presence of a face 
centered cubic structure in the sample. Such a structure is different 
from the bcc structure of the solid solution phase and may be due to 
the presence of a small quantity of oxides, nitrides (11) or VDg. 
B, Equipment 
2. NMR apparatus 
The data was taken by conventional NMR experiments utilizing the 
crossed-coi 1 induction method of Bloch, Hansen and Packard (l6). A sim­
plified block diagram is seen in Figure 3.1. Two spectrometers and two 
magnets were employed. A Varian Associates Model V4210 A spectrometer 
and Model V4230 B crossed-coi1 probe were used in the frequency range 
8-16 MHz with a Varian Associates Model V4012 twelve inch electro­
magnet for fields less than 16.5 kOe, A Torgeson spectrometer (17) was 
used in the frequency 8-28 MHz with a Varian Associates Model V3800 
fifteen inch electromagnet for fields up to 25 kOe. A Varian Mark 11 
Fiel dial and Varian VFR 2515 External Sweep Adaptor were used in con­
junction with this magnet. By reducing capacitances and inductances in 
the tuning circuits, a Varian 8-16 MHz crossed-coi1 probe was modified 
to allow operating frequencies up to 28 MHz. 
In all experiments the frequency was held constant while the magnetic 
field was scanned. The radio-frequency signal was generated by or synchro­
nized with a crystal oscillator of Torgeson (17) and hence the frequency 
was stable (few parts in ic/) over long periods of time. The frequency 
was monitored via a CMC Model 880B frequency counter or a Monsanto Model 
nOA Programmable Counter Timer. The magnetic field scan was accomplished 
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Figure 3.1. Block diagram of NMR apparatus. 
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by driving the magnet power supply with the channel address voltage of 
a RIDL Model 24-2 400 channel analyzer. 
To improve the signal-to-noise character of the data, the technique 
of time averaging over a number of passes through the resonance was em­
ployed. This was done by synchronizing the scan through magnetic field 
values with the advance of the RIDL analyzer through the 400 word memory. 
This resulted in the adding of the signal from one pass to the combined 
total of all previous passes, with the signal-to-noise ratio increasing 
as the square root of the number of passes. 
Conventional audio frequency modulation of the magnetic field (16) 
and phase sensitive detection by means of a lock-in amplifier were used. 
The dc signal from the phase sensitive detector (Varian Output Control 
Unit Model V4270 A) was converted to a sine wave with a frequency pro­
portional to the magnitude of the input signal by a Vidar Model 241 
Voltage-to-Frequency Converter. The frequency of this output signal was 
counted by the RIDL analyzer and stored in the appropriate channel. The 
results were displayed on a x-y plotter. 
2 .  High and low temperature apparatus 
Because of the interesting temperature dependence of the spectra 
in these samples, data were taken over the temperature range 4.2K to 
450K. Two means were used to achieve temperatures different from room 
temperature: 1. passage of hot or cold gas over the sample and 2. 
a liquid nitrogen or helium bath. 
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a. Variable temperature equipment Using selected parts of the 
Varian Associates Model V4257 variable temperature system, temperatures 
from nearly 4.2K to 450K could be achieved. The principal part of the 
apparatus is a dewar insert which fits through the sample chamber of the 
Varian probe. The dewar insert is a double walled glass pipe open at 
both ends allowing heating or cooling of the sample while maintaining 
the probe at room temperature. The construction of the dewar insert and 
variable temperature system can be seen in Figures 3.2 and 3.3. Glass 
sample tubes with a 9 mm OD and 1 mm walls were used. 
Temperatures above room temperature were reached by passing air 
heated by a Varian 5^ heater across the sample. Control of the air flow 
rate by means of a Fairchild Hi lier Model 10 Precision Air Regulator 
allowed temperature stabilization to within a few degrees over a period 
of twelve hours or more. 
To achieve temperatures below room temperature, one of two techniques 
was used. One consisted of cooling dry nitrogen gas by passing it through 
a copper coil immersed in a liquid nitrogen bath and then across the sam­
ple. The temperature was controlled by regulating the gas flow rate, 
larger flow rates producing lower sample temperatures. Dry nitrogen gas 
was obtained by a controlled boiling of liquid nitrogen with two 900 150W 
heaters in a sealed 100 liter dewar. As above the gas flow rate was con­
trolled by a precision air pressure regulator. Temperatures near 77K were 
possible, though temperature stability over long periods of time (> 1 hr.) 
was difficult to attain. Temperatures near that of the room were particu­
larly problematic because of the small gas flow rates involved. 
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Figure 3.2, The construction of the variable temperature system 
used in air and nitrogen gas blowing experiments. 
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Figure 3.3. The construction of the variable temperature system used 
in helium gas blowing experiments. 
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The second technique used cold helium gas passing over the sample 
to reach temperatures between 200K and 4.2K. Cold helium gas was cre­
ated by controlled boiling of the liquid with a 900 150W heater in the 
storage dewar and channeled through a vacuum jacketed transfer tube to 
the dewar insert and across the sample. Again, larger flow rates pro­
duced lower temperatures and temperatures near 200K were difficult to 
maintain because of the small flow rate involved. 
In all three of the techniques mentioned above where heated or 
cooled gas is moved past the sample, the problem of a temperature gradi­
ent across the sample is prominent. The temperature gradient is a func­
tion of several parameters: the gas flow rate, the length of the sample 
and the departure of the sample temperature from room temperature. The 
first two are somewhat amenable to solution while the latter is not. 
The highest possible gas flow rates were used for temperatures above 
room temperature, reducing the gradient to a minimum; For temperatures 
below room temperature, the coupling between the flow rate and the magni­
tude of the temperature encumbered efforts to reduce the gradient. In 
the nitrogen gas case an attempt to remedy the situation was made. Ini­
tially a large gas flow rate was generated. Before entering the cooling 
stage the gas was divided between two routes only one of which involved 
cooling. The two gas streams were recombined before passing over the 
sample. The sample temperature was determined by the amount of the gas 
cooled, the rate of gas flow past the sample being constant. This pro­
cedure allowed high flow rates, and hence smaller temperature gradients, 
and temperature control through the regulation of the fraction of the 
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gas stream cooled. The procedure was partially successful but trouble­
some in practice. No means were found to reduce the temperature gradient 
in helium gas blowing experiments. 
Because the temperature gradient increased with sample length, all 
experiments were performed with a minimum amount of sample. A series 
of experimental traces in which the sample length was decreased in steps 
of 0.1 inches from 1.4 inches to 0.0 inches was obtained for a strong 
resonance. They showed that the peak-to-peak amplitude of the resonance 
was essentially constant for samples 0.7 inches to 1.4 inches long but 
decreased markedly for lengths less than 0.7 inches. Hence, all gas 
flowing experiments were performed with approximately 0.7 inches of sam­
ple in a 9 mm OD glass sample tube. In addition, two Cu-Con thermo­
couples were placed in the sample, one at the bottom, another near the 
top (approximately 0.6 inches apart). Temperature measurements could 
not be made during the actual signal gathering process because of the 
electrical noise produced. For this reason the temperatures measured 
by each thermocouple were recorded at the beginning and end of each ex­
periment and the extremes averaged. For experiments longer than a few 
minutes, several additional temperature measurements were made. In all 
cases the extremes were used to arrive at the mean temperature and un­
certainty. The temperature extremes differed by approximately six degrees 
near 400K for heated air and decreased with decreasing temperature. For 
helium gas blowing experiments the difference between the extremes was 
largest near 200K, being about four degrees. In both of these techniques 
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this temperature gradient accounted for most of the temperature un­
certainty. For nitrogen gas blowing experiments additional uncertainty 
was introduced by fluctuations in the gas flow rate and cooling. These 
changes were largely the result of the small flow rate and hence, the 
long time (> 15 min.) needed to reach equilibrium. 
Helium and nitrogen dewar For experiments at liquid helium 
and liquid nitrogen temperatures, a double glass dewar seen in Figure 
3.4 was used. The dewar finger at the bottom fits into the sample cham­
ber of the Varian probe and has a square grid pattern in the silvering 
to allow for the passage of the radio frequency signal through the dewar 
walls. 
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Figure 3.4. The glass double dewar used in liquid nitrogen and 
liquid helium experiments. 
42 
IV. RESULTS AND ANALYSIS 
A, The Deuterium Resonance Analysis 
The spin-one deuterium resonance was observable in the temperature 
range 4.2K to 450K in all the metal deuteride samples. No significant 
Knight shifts (K < 0.01) were observed for the deuterium resonance in 
any of the metal deuterides. Depending on the temperature, the resonance 
had one of two characteristic lineshapes. A single, narrow (< 1 Oe) line 
constituted the spectrum above some critical temperature T^. Below T^ 
the lineshape consisted of the typical spin-one electric quadrupole split 
resonance (See Figures 2.6 and 2.7). In the immediate vicinity of T^, a 
composite of these two characteristic lineshapes formed the deuterium 
resonance. 
In an effort to analyze this transition quantitatively, a computer 
program, A Fortran Program to Generate the Powder Pattern Satellite Line-
shapes for a Nucleus in a Non-axial Crystalline Electric Field (LSSl), 
for synthesizing these combined spectra was developed by Dr. T. Pinter 
of the Computer Division of the Ames Laboratory. A spin-one electric 
quadrupole split absorption spectrum, given by Eqs. (2.68) and (2.69), 
was folded with a Gaussian function of half-width at half-maximum 
a, = \/2 — and added to an unshifted Gaussian function of half-width o , 
' "Q. = 
The derivative of this combined spectrum was generated and suitably 
scaled horizontally and vertically for direct comparison with the experi­
mental lineshapes. In addition to the half-widths and a^, the asymmetry 
parameter T|, the lowest pure quadrupole frequency and the peak-to-peak 
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derivative amplitudes of the quadrupole split and unsplit resonances 
were adjustable. By the appropriate choice of these quantities, any of 
the mixed spectra could be reasonably approximated. 
The salient feature of this program was its ability to calculate 
the ratio of the intensities of the two component spectra. Assuming the 
intensity of a spectrum was proportional to the number of contributing 
nuclei, the ratio of intensities was equivalent to the ratio of the num­
ber of nuclei contributing to each component spectrum. This computer 
calculated ratio of the intensity of the quadrupole split resonance to 
2 that of the unsplit resonance was termed the D intensity ratio. In 
Figure 4.1 a representative combined spectrum is shown with its synthetic 
2 
counterpart and the calculated D intensity ratio. 
The experimental spectra obtained near the critical temperature 
were analyzed through the use of this program. In the neighborhood of 
T^ two sets of nuclei contributed to the observed resonances. The un-
shifted, narrow central line arose from nuclei having no net electric 
quadrupole interaction while the remaining portion of the spectrum was 
produced by the set of nuclei having a common net quadrupole interaction. 
2 The computed D intensity ratio for a synthetic approximation to an ex­
perimental spectrum measured the relative number of the latter to the 
2 "1 former. It then followed that the quantity (1 + D intensity ratio) 
measured the fraction of the nuclei having no quadrupole interaction. A 
plot of this quantity versus temperature over the region of interest was 
2 _ ^ 
made for each sample. The temperature at which (1 + D intensity ratio) 
equaled 0.5 was chosen as the critical temperature T^. 
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One of the principal difficulties encountered in analyzing the 
deuterium resonance data was determining the asymmetry parameter T|. 
Recall that the quadrupole split spin-one spectrum has several pairs of 
features: the singularities, the shoulders and the steps (see Figures 
2.6 and 2.7). The observation of any two pairs of features is sufficient 
to determine both T] and (see Eqs. (2.72), (2.73) and (2.74)). Ascer­
taining the value of the asymmetry parameter from the experimental spec­
tra was encumbered by two factors. For small values of Tj the singulari­
ties and shoulders were unresolved so that the spectrum had only four 
visible features. The first complication was that two features, the 
steps, were theoretically expected to be small and sometimes found ex­
perimental ly to be unobservable, particularly near T^. The second arose 
from the fact that the half-width Cp used to broaden the theoretical 
lineshape to approximate the experimental, was large relative to Tj. As 
a result, each singularity and its corresponding shoulder were unresolved, 
the separation between the two being —^ fact, Cj was sufficiently 
large to obscure any significant change in the lineshape from T] = 0.01 to 
0.25. However, a small but measurable change in the separation of the 
larger peaks with increasing T| was detectable (see Figure 4.2). This 
increased separation of the larger peaks was the direct result of the 
outward movement of the shoulders with increasing T| according to Eq. 
(2.73). The large half-width served only to obscure the smaller 
singularity emerging on the inner side of the large peak (see Figure 4.3). 
Where both the unresolved shoulder-singularities and the steps were 
visible, Eqs. (2.72) and (2.73) yielded both T) and In the vicinity 
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Figure 4.2. A spin-one quadrupole split Hneshape is shown for several 
values of 11 at a constant value of the half-width cr, = 0.15. 
Note that the large peaks move outward slightly with in­
creasing T| and that the singularities and shoulders are 
unresolved. 
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of T where the steps were not visible, the T] values observed at lower 
temperatures were used and Vg^ was calculated. 
B. The Niobium Deuterides 
_]_. Deuterium resonance 
The change in the deuterium resonance with temperature in the transi­
tion region is shown in Figure 4.4 for the NbD^ sample. This altera­
tion in the lineshape occurred In all four of the niobium deuteride sam­
ples, though the characteristic temperature of the transition depended 
on the deuterium concentration in the sample. The modification of the 
lineshape with temperature was analyzed for each sample in the manner 
described earlier. A synthetic approximation to each of the mixed 
2 
spectra was generated and the D intensity ratio calculated. The quantity 
(1 T D int. ratio) , interpreted as that fraction of all the nuclei 
that contribute to the unsplit central line, was plotted versus the 
temperature. The results are seen in Figures 4.5, 4.6, 4.7 and 4.8. 
The squares corresponding to the right hand ordinate will be discussed 
in the following section. The temperature characterizing the transition, 
the critical temperature, was chosen as the point at which the quantity 
(1 + int. ratio) ^ reached 0.5. 
An inspection of each of the plots reveals an absence of data points 
between 0.4 and 1.0 on the vertical scale. This phenomenon is due to 
the fact that the electric quadrupole splitting of the resonance spreads 
the absorption intensity over the range from - to ^  (see Figure 2.5a). 
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shown for NbDg ^g. 
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Figure 4.7. The fraction of NbD^ contributing to the high temperature 
spectrum is displayed. The triangles indicate the results 
of the initial pass through the transition; the circles, the 
subsequent passes. The change in the "^Nb resonance ampli­
tude with temperature is also shown. 
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Figure 4.8. The fraction of NbD^ gg contributing to the high temperature 
spectrum versus temperature is shown. The change in the 
5'Nb resonance amplitude with temperature is also displayed. 
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As a result, even in the case where the quadrupole split portion of the 
mixed spectrum is barely visible, nearly two-thirds of the nuclei contri­
bute to the quadrupole split spectrum. One also notes that the width of 
the transition varies somewhat between samples. Choosing the points 
where the ordinate equals 0.1 and 1.0 as the measuring positions, the 
transition widths were measured and these together with the critical 
temperatures are given in Table 4.1. 
Table 4.1 Critical temperatures and transition widths in niobium 
deuterides 
Sample Critical Temperature T (D) 
(K) 
Transition Width AT(D) 
(K) 
"""o.SS 340 40 
NbDo.78 406 7 
"bDo.82 409 10 
NbDo.88 415 14 
2 An understanding of the observed change in the D lineshape with 
temperature is facilitated by an examination of the crystal structure 
of the Nb - D system. In general, the reaction of a metal with deuterium 
is very similar to that of the same metal with hydrogen. As a result, 
with slight modifications, the results of studies of the metal - deuterium 
system can be applied to the understanding of the metal - hydrogen system, 
or vice versa. In much of what follows, this premise has been applied. 
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The transition metals of Group V readily form deuterides having 
the stoichiometric formula MD, but in most cases these are deuterium 
deficient (18). Higher deuterides can be formed utilizing special 
techniques, 
A number of x-ray (12,19,20,21) and neutron diffraction (22,23,24) 
investigations of the niobium - deuterium system confirm the existence 
of a two phase region consisting of the alpha, or metal, phase and the 
beta, or mono-deuteride, phase at room temperature. The phase diagram 
(25) for this system is seen in Figure 4.9. There is some disagreement 
in the location of the phase boundaries, largely a result of the limita­
tions of the x-ray technique. When the appearance or disappearance of 
a phase in the x-ray pattern is used as the criterion for determining 
the composition at which the phase boundary occurs, considerable uncer­
tainty is introduced into the position of that boundary. 
The low concentration a phase is the solid solution of deuterium 
interstitally in the body centered cubic (bcc) structure of the metal, 
o 
with a negligible change in the metal lattice parameter from 3.30 A. 
At higher temperatures (> 375K) and concentrations (> NbD^ ^), a bcc 
solid solution (a' phase) with a slightly larger lattice parameter 3.4! % 
exists (20). Near room temperature and below,an additional phase (p) is 
found which has a distorted bcc structure. The bcc metal lattice may 
alternatively be described as a face centered tetragonal (fct) lattice. 
An unequal alteration in one of the two equal fct lattice parameters re­
sults in a face centered orthorhombic (fco) structure (see Figure 4.10). 
Such a fco structure describes the g or mono-deuteride phase. Rashid 
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Figure 4.9. The Nb - D phase diagram is shown. 
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Figure 4.10. The atom positions in the fco g phase structure are shown. 
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and Scott (12) report fco lattice parameters a = 4.838, b = 4.906, 
c = 3-457 A, which indicate a distortion ~ 1% from the bcc metal struc­
ture. They also noted that the angle 7 exhibited a deviation from 90° 
of less than 0.1°. Such a small distortion of the metal lattice in the 
mono-deuteride (p phase) was overlooked by a number of earlier investi­
gators with poorer resolution. 
However, the x-ray technique leaves the problem of the location of 
the deuterium in the lattice unsolved. Neutron diffraction experiements 
have attempted to answer this question. Somenkov et al. (22) examined 
the niobium - deuterium system NbD^ at various temperatures. The 
presence of a number of superstructural reflections indicated an ordering 
of the deuterium in the p phase in a fraction of the interstitial tetra-
hedral sites. They described the structure as face centered orthorhombic 
with the following atom positions (see Figure 4.10). 
2 Space Group CL,/P 2h nnn 
Nb in f (0,0,0; 0,1/2,1/2; 1/2,0,1/2; 1/2,1/2,0) 
D in a (1/4,1/4,1/4; 3/4,3/4,3/4) and in b (3/4,1/4,1/4; 
1/4,3/4,3/4) . 
In this structure the deuterium atoms occupy a subset of the tetra-
hedral sites in the lattice, whereas a statistical or partial occupation 
of the octahedral sites in this phase or the high temperature phase 
conflicts with their experimental results. In the high temperature bcc 
a phase, a statistical distribution of the deuterium over a larger number 
of tetrahedral sites is indicated. The temperature of the transition 
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from the low temperature to the high temperature structure (433K for 
NbDg gg) 1S îp agreement with the cc' + g -• a' phase boundary of Figure 
4.9. 
Somenkov et al. (23) also examined the low deuterium concentration 
niobium - deuterium system. They observed the precipitation of the 
partially ordered deuteride NbD^ at 270K in the solid solution of 
3 atomic percent deuterium in niobium. The precipitate formed the above 
described g phase structure at a temperature in agreement with the 
o: + 3 —» a phase boundary of Figure 4.9. Since the deuterium in the 
precipitate NbDg incompletely filled the allowed deuterium sites in 
the g phase (statistically 0.65 D per site), a further ordering of the 
deuterium in these sites was possible at lower temperatures. Such an 
ordering of the precipitate to the Nb^D^ structure occurred at 170K. 
Pick (26) has recently displayed evidence for the existence of an 
additional bcc phase at higher concentrations (> NbDg g^) and lower 
temperatures (T < ?80K), where the deuterium are ordered in the sites 
of the p phase discussed above. In addition to Pick, the results of a 
number of others (24,25,26,27,28,29,30) agree with Somenkov et a_l_. (22) 
on the choice of deuterium sites. 
2 In Figure 4.4 we displayed the characteristic change in the D 
lineshape with temperature observed in each of the niobium deuteride 
samples. The critical temperature T^ associated with this change was 
found to depend on the deuterium concentration, as seen in Table 4.1. A 
plot of these temperatures on the Nb - D phase diagram seen in Figure 4.9 
shows these points positioned on the a' + B • a' or a + 3 * o: + o:' 
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phase boundaries. This fact strongly suggests that the quadrupole split 
2 D spectrum arises from those deuterium nuclei in the g phase. 
The transition widths AT(D) associated with the transformation in 
the D lineshape are seen in Table 4.1. Approximately six degrees of 
each width can be assigned to the presence of a temperature gradient 
(AT = 6K at T = 400K) across the sample during the experiment (see 
Section B of Chapter III). For all but NbD^ this leaves an intrinsic 
transition width of < I OK, indicating a sharp transition. In the case 
of NbDg the width is only a few degrees. This narrower width may 
be traceable to the purity of the metal from which the sample was pre­
pared. This sample was made from Ames Laboratory metal, whereas the 
others were prepared from commercial metals of poorer quality (see Table 
3.1). The NbDg sample demonstrated a considerably larger transition 
width (~ 40K) than the other samples. The deuterium concentration is 
believed to be the source of this difference. Assuming that the for­
mation of the p phase on cooling is accomplished by the precipitation 
of Nb^Pg (as suggested by Somenkov et (23)), the width of the 
transition in NbD^ may reflect the necessity of large scale deuterium 
diffusion. 
The deuterium sites in the g phase structure of Somenkov et al. 
(22) have a point symmetry of 222, so that a deuterium nucleus situated 
in one of these sites experiences a nonzero electric quadrupole inter­
action. Since these sites have less than axial symmetry, both TJ and Vq^ 
are nonzero. The corresponding sites in the bcc solid solution structure 
have a point symmetry of 42m, and so have axial symmetry (^ = 0). The 
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measured values of T| seen in Table 4.2 are nonzero, substantiating the 
2 postulate made earlier that the quadrupole split D spectrum arises 
from those deuterium nuclei in the p phase. 
Table 4.2. Quadrupole coupling parameters for niobium deuterides 
sample H a, (kHz) I (Oe) 
NbOp 0.10 ± 0.05 (0.05) 52 ± 2 (38) 0.18 8.0 
NbDp 0.15 ±0.05 (0.08) 48 ± 2 (44) 0,11 4.0 
NbOg g2 0.12 ±0.05 (0-10) 50 ± 2 (44) 0.11 4.0 
NbOg gg 0.17 ±0.05 (0.13) 48 ± 3 (43) 0.18 8.0 
The quadrupole coupling parameters T] and Vq^ of the low temperature 
lineshape were similar in all of the samples (see Figure 4.11) and are 
listed in Table 4.2. The values recorded were measured at liquid helium 
and liquid nitrogen temperatures. At higher temperatures these param­
eters decreased slightly (see Figure 4.12), and reached the magnitudes 
in parentheses near T^(D). The large uncertainties in the asymmetry 
parameter were due to the difficulties encountered in observing the 
steps and to the large value of the half-width o\ =\/2 ^ needed to 
G 
approximate the experimental lineshapes. The effects of on the line-
shape were seen in Figure 4.3 and described in Section A of this chapter. 
The values of reported in Table 4.2 were those used to fit the experi­
mental spectra near T^(D). 
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Figure 4.11. The deuterium resonance at 4.2K is shown for the four 
niobium deuteride samples. The spectra are all very 
similar. 
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"D RESONANCE IN NbQ 0.82 
^op  ^ MHz 
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Figure 4.12. The 
MAGNETIC FIELD 
resonance in NbD 0.82 
(Oe) 
at several temperatures is 
shown. The Tj and values decrease slightly with in­
creasing temperature. 
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The quantity a, is given by a, = 4^2 — = sTz ^ where H_ is v. ex-
Q Q. Q 
pressed in Oe and 2AH is the difference in Oe between points of maximum 
slope in the absorption spectrum. Using an = 76.5 Oe (v^ = 50 kHz) 
from Table 4.2 and values of 0.11 and 0.18, (2AH)'s of 12.0 and 19.0 
Oe, respectively, were computed. Over-modulation effects were corrected 
2 2 1/2 
for according to 2AH^ = [(2AH) - ] (30), where 2AH^ is the corrected 
full width, 2AH is the original full width and is the modulation ampli­
tude. The approximate values 11.3 and 17.2 Oe resulted. The sources of 
line broadening that gave rise to these values will be discussed presently. 
The results of Stalinski and Zogal (29) and Zamir and Cotts (31) indi­
cate that the hydrogen resonance in the niobium hydrides narrows from 
~ 12 0e to ~ 1 Oe in the temperature range 150K to 200K independent of the 
hydrogen concentration. In this same temperature range, the jump fre­
quency (the reciprocal of the time spent per site) went from ~ 10^*^sec ^ 
to rv 10^ sec ^. They concluded that the narrowing of the resonance resulted 
from the diffusional averaging of the dipolar broadening. Below 150K the 
nuclear dipole - dipole interaction (~10 0e-* 4 x 10^ sec ') is of the 
order of or greater than the jump frequency (10^'^ sec ') and the net 
interaction is nonzero. Above 200K the jump frequency (10^ sec ') is 
4 -1 
much greater than the dipolar interaction (10 sec ) and the averaged 
dipolar interaction is considerably reduced. The jump frequency increased 
steadily as the temperature increased above 200K. A sharp change from 
2 X 10^ sec ' to 2 X 10^ sec ' was noted near 400K (31). Lutgemeier 
8  - 1  
et (32) report 1.5 x 10 sec' at 300K and a sudden increase near 
400K. They point out, however, that these jump frequencies are 20 
times smaller than those obtained by other measurements (33). 
The results of several investigators (23,33,34) indicate that the 
jump frequency behaves similarly in the corresponding deuterides. 
Somenkov et aj_. (23) report the ordering of deuterium in NbOg accord­
ing to the Nb^Dg structure at 170K and a partial ordering according to 
the NbD structure up to 270 K. On the basis of these data, our experi­
mental results can be interpreted as follows. In the high temperature 
9 - 1  
a phase, the jump frequency of the deuterium (> 10 sec ) and the number 
of available deuterium sites are both sufficiently large to average both 
the electric quadrupole interaction (~5 x 10^ sec ^) and the dipolar 
4  - 1  broadening (~ 10 sec ) to approximately zero. In the g phase the jump 
frequency (~ 10^ sec ^) is still large, but the possible deuterium sites 
are considerably reduced in number so that the quadrupole interaction 
(and possibly the dipolar interaction) are averaged to some nonzero value. 
2 The line broadening o"^ associated with the quadrupole split D spectra 
arises from both dipolar broadening and inhomogeneous quadrupolar broaden­
ing. 
As the temperature is lowered, the quadrupole coupling constants 
change only slightly while the line broadening increases considerably 
(see Figure 4.11). Although the results of Somenkov et (23) and 
Stalinski and Zogal (29) both suggest the ordering of the deuterium below 
2 
~ I70K, the minor changes in the D spectra on cooling below this point 
indicate one of two conclusions. Either the deuterium atoms are at rest 
at T < 170K and the D quadrupole coupling constants are changed only 
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slightly from their values at 4.2K and 77K by the diffusional motion 
among a few sites (probably two) at T > 170K, or the diffusional motion 
continues down to 4.2K at a rate larger than the quadrupole interaction 
frequency (10^ sec '). The latter seems more probable in light of the 
fact that the quadrupole coupling constants are relatively temperature 
independent. Diffusion of deuterium at 4.2K is not unknown (35) and 
may occur by a tunneling process. Several investigators (33,36) have 
shown the diffusion process to be nonclassical in this system so that 
deuterium diffusion at 4.2K via tunneling may not be unreasonable. 
(37) The relative importance of the dipolar and inhomogeneous quadrupolar 
contributions to cT| at this temperature cannot be decided on the basis 
of the available data. 
There have been relatively few NMR investigations of the Nb - D sys-
2 tem. Pedersen and Slotfeldt-El1ingsen (38) studied the D resonance in 
NbDg jQ as a function of temperature, noting a quadrupole split lineshape 
near 380K that disappeared slowly from 350K to 400K. They measured qua­
drupole coupling parameters of = 47.3 ± 1.5 kHz and T] = 0.00 ± .01. 
These values are in approximate agreement with our results. Using pulsed 
NMR, Lutgemeier et £l_. (34) observed the D resonance in single crystal 
deuterided niobium foil as a function of temperature, arriving at qua­
drupole coupling parameters of Vq = 50 kHz and T| = 0.09. They noted a 
change in the D resonance in the vicinity of 385K over a temperature 
range of 6K for a NbD^ sample. The T] and Vg^ values are in excellent 
agreement with our values though the critical temperature is somewhat 
lower (~20K). 
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2. Niobium resonance 
93 The Nb resonance in the metal deuterides was also observed to 
have a temperature dependent lineshape. Because of its ha1f-odd-integer 
spin (9/2) and large electric quadrupole moment (~ 50 times that of 
93 deuterium), the Nb spectrum differed substantially from that of 
deuterium. As described in Section D of Chapter II , the resonance for 
the ha 1f-odd-integer spin Nb nucleus consisted of a strong central transi­
tion and eight weaker "satellites", when the quadrupole interaction Is 
strong and only one resonance line otherwise. If the satellites are 
obscured, the two spectra are indistinguishable, in the niobium deuterides, 
only one resonance line was seen, it demonstrated an abrupt change in 
intensity in the vicinity of the critical temperature associated with 
the alteration of the deuterium spectrum in that deuteride. In Figure 
93 4.13 the Nb resonance in one of the niobium deuteride samples is shown 
for a series of temperatures near T^. The peak-to-peak height of the 
93 derivative was easily measured and the variation in the normalized Nb 
derivative amplitude with temperature for each of the samples appears in 
Figures 4.5, 4.6, 4.7 and 4.8 as the small squares. In each sample the 
Nb resonance intensity varied drastically in the same temperature region 
where the D lineshape changed. Choosing the point where the amplitude 
reached one-half of its high temperature value as the measuring point, 
a critical temperature T^(Nb) was specified. These results and the 
2 
critical temperatures associated with the change in D lineshape are seen 
in Table 4.3. A measure of the temperature width of the niobium transi­
tion was determined by choosing as measuring points those temperatures 
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93 Figure 4.13. The change in the Nb resonance in NbD^ with temp­
erature is demonstrated. Each spectrum was obtained 
under identical conditions and for an equal amount of 
time. 
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at which the amplitude was 0.1 and 1.0. These temperature ranges AT^(Nb) 
are also presented in Table 4.3. 
Table 4.3 Critical temperatures in the niobium deuterides 
Sample T^(Nb) AT(Nb) \(D) AT(D) 
(K) (K) (K) (K) 
"b»0,55 339 65 340 40 
"b»0.78 402 10 406 7 
"bDo.82 403 15 409 10 
NbDo.88 4l4 23 415 14 
93 The Nb resonance in these samples exhibited a drastic change in 
2 intensity in the vicinity of the same phase boundaries where the D line-
shape changed. Table 4.3 shows the critical temperature associated with 
93 the Nb resonance T^(Nb) to be in close agreement with T^(D) in each case. 
93 The alteration in the Nb resonance intensity in crossing T^(Nb) is 
associated with the transformation of the metal lattice from the fco 
structure of the 3 phase to the bcc structure of the cc phase. The niobium 
sites in the p phase of Somenkov et £]^. (22) have a point symmetry of T, 
so that the quadrupole coupling constants T| and Vq^ are both nonzero for 
93 the Nb nucleus. In the bcc solid solution CC phase the point symmetry 
93 
of the niobium sites is m3m, i.e. cubic. Hence, in the a phase the Nb 
nucleus has no electric quadrupole interaction. The abrupt change in 
93 the Nb resonance intensity, observed experimentally to coincide with 
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the appearance or disappearance of the g phase, can then be attributed 
93 to the presence below and absence above T^(Nb) of the Nb electric 
quadrupole interaction. 
93 A summary of the Nb linewidths and Knight shifts measured above 
T^(Nb) is displayed in Table 4.4. 
93 Table 4.4 Nb linewidths and Knight shifts for niobium deuterides 
Sample AH K (Oe) (%] 1 
"b»0.55 9.5 ± 0.6 (14.0) +0.84 ± 0.02 
NbDo.78 7.6 ± 0.2 +0.68 ± 0.02 
Kb»0.82 10.5 ± 0.3 +0.68 ± 0.02 
NbDo.88 11.0 ± 1.0 +0.62 ± 0.02 
93 Only in the case of NbD^ was the unsplit Nb resonance observable 
below T^(Nb), having the linewidth in parentheses at room temperature 
and a much reduced intensity. Note that its Knight shift differed sub­
stantially from the other samples. The large uncertainty in the line-
width in NbDg gg arose from a slight asymmetry in the lineshape. 
93 The Nb linewidths observed above T^(Nb) can be largely accounted 
for on the basis of Nb-Nb dipolar broadening. A calculation of the di­
polar broadening, according to Abragam (4) and Van Vleck (39) using a bcc 
structure with a = 3.40 A,yields a value of 7.2 Oe. The proximity of 
this value to the linewidth found in NbDg ^g (prepared from Ames Laboratory 
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metal) suggests that the additional width of the line in the other sam­
ples (prepared from commercial metal) may be due to the presence of 
additional impurities such as oxygen and nitrogen. In Section A of 
Chapter III we noted that the commercial metals were considerably less 
pure than the Ames Laboratory metals used in the preparation of the 
deuterides. Through the local distortion of the lattice and the resulting 
inhomogeneous quadrupolar broadening, the presence of impurities leads to 
93 
an increased linewidth. A larger portion of the Nb width in NbD^ at 
300K can reasonably be assigned to inhomogeneous quadrupolar broadening 
since the crystal structure is fco at this temperature, in contrast to 
the bcc structure existing at higher temperatures. 
The niobium Knight shift in the deuteride has not been reported in 
the literature, though Zamir and Cotts (31) have measured K(Nb) in the 
hydride. They noted a small decrease of K(Nb) from its value in the metal 
as the hydrogen concentration increased. At NbH^ K(Nb) in the hydride 
was 92% of K(Nb) in the metal (K(Nb) in metal = +0.87%). Our value of 
K(Nb) in NbD^ is in close agreement with their hydride results, but 
the remainder of our samples have a concentration (NbD^ ^g, NbD^ gg; 
NbOg gg) exceeding their highest value (NbHg ^^). The K(Nb) of these 
latter samples of ours are 78%, 7S% and 71% of K(Nb) in the metal, a sharp 
drop from the 92% value of NbH^ Our understanding of the origin of 
these shifts is quite incomplete. The deuterium is believed to contribute 
a portion of its electron density to the conduction band of the metal, as 
in the case of the Nb - Mo alloys (40). However, the situation is certainly 
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not that simple, for the value of K(Nb) is determined by contributions 
from s-band paramagnetism, d-band paramagnetism through s-core polari­
zation, and second order orbital paramagnetism. 
93 Although the Nb resonance intensity decreased rapidly in cooling 
the sample below T^(Nb), a modified form of the resonance was observable 
for T < T^(Nb). In Figure 4.14 the Nb resonance at 300K is seen for 
each of the samples. In the two lower concentration samples, an intense 
narrow line is seen at the position K = +0.86%. This resonance is attrib­
uted to the presence of a small amount of deuterium free metal in the 
93 
sample. In Figure 4.15 the Nb resonance is shown at various temperatures 
93 
near T^(Nb). At temperatures above T^(Nb) the Nb resonance in the 
deuteride is seen at K = +0.68%. Near T^(Nb) the intensity of this line 
decreases and a second resonance appears at K = +0.83%. A comparison of 
93 this second resonance with the Nb resonance in the metal reveals the 
two to be the same, though the linewidths are significantly different. 
93 At the higher deuterium concentrations the Nb resonance in the 
deuteride has an unusual lineshape, as seen in Figure 4.14. The spectrum 
is believed to be the composite of a number of second-order electric 
quadrupole split central transitions, as described in Section D of Chapter 
11. Figure 4.16 shows a number of these pieces from several central 
tran^Xfions at 77%. Experiments at frequencies between 24 MHz and 18 
MHz show these features to move according to a dependence, in agree­
ment with Eqs. (2.77) and (2.78). However, because of poor resolution, 
weak intensities, and the presence of several split central transitions. 
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93 Nb RESONANCE AT 300K 
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93. MAGNETIC FIELD (Oe) Figure 4.14. The "'''Nb resonance at 300K is shown for each of the samples. 
'o.55 NbOg yg NbD* rr- and NbDL -,o show a strong niobium metal resonance. 
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the corresponding portions of each split transition were not unambig­
uously indentifiable. 
93 The considerably reduced Nb intensity below T^(Nb) and the un­
usual lineshapes seen in Figure 4.14 are the result of several factors. 
93 The large Nb electric quadrupole moment plus the low point symmetry 
of the niobium sites in the p phase suggest that the electric quadrupole 
interaction is quite strong below T^(Nb). In addition, the absence of 
QO 
the Nb central transition bêlow T^(Nb) indicates that there is a con­
siderably broadened distribution of electric field gradients (EFG's). 
These two circumstances account for what appear to be a collection of 
second order quadrupole split central transitions in the NbD^ and 
NbDg gg sample resonances seen in Figure 4.14. In the NbD^ and 
NbDg yg samples this lineshape is partially masked by a strong single 
line at the niobium metal position, in these latter two samples the 
formation of the g phase allows the observation of a weak niobium metal 
resonance. According to Somenkov et £l_. (23) cooling of the sample be­
low the a + p • a phase boundary results in the precipitation of the g 
phase and the formation of a quantity of deuterium free metal. The 
niobium metal resonance observed in the deuterides in the g phase region 
may be traced to this source. 
C. The Tantalum Deuterides 
U Deuterium resonance 
In the tantalum deuterides, the deuterium resonance exhibited a 
temperature dependent lineshape similar to that found in the niobium 
77 
deuterîdes. An example of the characteristic change in the deuterium 
spectrum with temperature is seen in Figure 4.17. In the transition 
region where a combination of spectra were observed, the computer assisted 
2 
analysis described earlier was employed. The D intensity ratio was 
computed and (1 + D int. ratio) was plotted versus the temperature 
for each sample. Figures 4.18, 4.19, 4.20 and 4.21 display the results 
of these calculations. A summary of the results is contained in Table 
4.5, where the critical temperature T^ and transition width AT were ob­
tained in the same manner as in the niobium deuteride case. 
Table 4.5 Critical temperatures and transition widths for tantalum 
deuterides 
Sample (K) 
AT 
(K) 
T=»0.43 326 30 
T:»o.60 329 5 
T3D0.74 366 12 
T=»0.76 367 14 
The tantalum - deuterium system is similar in many respects to the 
niobium - deuterium system discussed earlier. As a result, much of what 
was said with regard to that system is also applicable to this. A know­
ledge of the crystal structure of the Ta - D system is also useful in 
understanding the resonance results presented here. 
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Tantalum metal forms a bcc structure with a lattice parameter of 
o 
3.30 A. As deuterium is introduced into the metal, the lattice parameter 
increases at the rate of 0,0025 %/ at. % D (18). This is the low con­
centration, high temperature, solid solution a phase. An increase of 
the D concentration distorts the lattice to a body centered tetragonal 
(bet) structure (a = 3.38 c = 3.41 %) near D/Ta =0.5 and to a face 
centered orthorhombic (fco) structure (a = 4.728 A, b = 4.778 A, 
c = 3-428 ^) above (18). The high concentration fco structure is usually 
called the 3 or deuteride phase. The phase diagram of Mueller et (18) 
for the Ta - D system appears in Figure 4.22. 
The critical temperatures and transition widths measured for the 
tantalum deuterides are also shown in Figure 4.22. The T^ for TaD^ 
is in agreement with the o: + g «—• a phase boundary, largely as a result 
of the large transition width. Only a few degrees of this width are 
attributable to the presence of a temperature gradient across the sample 
during the experiment. The other three samples fall in a relatively un­
explored region of the phase diagram. A discussion of these critical 
temperatures will follow shortly. 
The deuterium positions in the a and g phases have been investigated 
by means of neutroh diffraction. The earliest data was gathered by 
Wallace (41). Subsequent investigators (42,43,44,45,46) with better 
resolution, improved on his results and suggested an alternate interpre­
tation of them. Somenkov et al. (43) showed that for compositions close 
to equiatomic, the g phase structure was analogous to the g phase 
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Figure 4.22. The Ta - D phase diagram is shown. 
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structure of NbD (see Figure 4.10). At composition TaDg the system 
ordered to the TaD structure near 380K and then to the Ta^D^ structure 
at 25OK. The structure of the latter is a modification of the former 
in which 75% of the allowed deuterium sites in the TaD structure are 
filled (44). A similar sequence of orderings occurred at the TaDg 
composition (46). In TaD^ the precipitation of TagD was observed at 
225K. The precipitate had the TaD structure with 50% of the allowed 
deuterium sites occupied (45). The order - disorder transitions mentioned 
above have been detected in the tantalum hydrides by a number of additional 
techniques, including electrical resistivity (47,48), Hall effect (47,48), 
thermoelectric effect (47,48), specific heat (49), heat capacity (14,50) 
and electron diffraction (51). 
Although the phase diagram above D/Ta = 0.55 has been little explored, 
the similarities in the TaD and NbD structures along with their similar 
2 NMR results, strongly suggest that the appearance of the D quadrupole 
split spectrum corresponds to the presence of the TaD (g phase) structure. 
The T^ of TaDg lies on the a + p «—• a phase boundary supporting this 
conclusion, as do the neutron diffraction results discussed above. 
Above T^, the deuterium resonance had a linewidth of less than 1 Oe. 
2 Below T^ the D resonance had the typical spin-one quadrupole split line-
shape. The measured values of the quadrupole coupling constants were 
similar in all the tantalum deuterides and are presented in Table 4.6 
(see Figure 4.23). The values reported were obtained at low temperatures 
(4.2 K and 77%). These parameters decreased slightly with increasing 
temperature and reached the values in parentheses in the vicinity of T^ 
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Table 4.6 Qtiadrupole coupling parameters for tantalum deuterides 
Sample T1 
Modulation 
(kHz) *1 (Oe) 
TaDo.43 0.30 + 0.05 (0.20) 52 ± 2 (44) 0.13 8.0 
T3D0.6O 0.20 + 0.03 (0.18) 51 ± 2 (48) 0.11 4.0 
T=»0.74 0.10 + 0.05 (0.10) 51 ± 2 (39) 0.15 8.0 
T=»0.76 0.08 0.05 (0.08) 49 ± 2 (42) 0,11 8.0 
(see Figure 4.24). These results are nearly identical with those obtained 
for the Nb - D system, although the T] values are somewhat larger here. 
This similarity was not unexpected in light of the fact that the crystal 
structures are nearly identical. 
The only published NMR results on the tantalum - deuterium system 
are those of Pedersen et aj_. (38). They reported quadrupole coupling 
constants of = 47.3 ± 0,5 kHz and 11 = 0.22 ± 0.01 for TaDg with a 
critical temperature of T^ = 340K and a transition width AT = 15K. 
These results are in very good agreement with ours, 
A number of NMR investigators have examined the tantalum - hydrogen 
system (47,52,53,54,55,56,57). Several of them (47,52,53,54,56,57) report 
the narrowing of the proton linewidth from~10 0e for T < 150K to ~ 1 Oe 
for T > 200K for a variety of hydrogen concentrations. A calculation 
of the low temperature dipolar linewidth, following Abragam (4) and 
Van Vleck (39) and using the TaD structure described above, yields a 
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Figure 4.24. The D resonance in TaD^ is shown at several tempera­
tures. At 77K it was particularly difficult to observe. 
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value of 11.6 Oe. Hence, the narrowing may reasonably be attributed to 
a diffusional averaging of the dipolar interaction. The results of the 
same investigators indicate a jump frequency of approximately 10^ sec ^ 
near 200K which increases with increasing temperature. From these 
previous studies and the results of the present investigation, we can 
infer a number of points about the tantalum - deuterium system. 
The Ta - D system parallels the Nb - D case very closely. At high 
temperatrues {a phase) the deuterium atoms are highly mobile (> 10^ sec ^) 
moving among a large number of tetrahedral sites. At lower temperatures 
a point is reached (depending on the deuterium concentration) at which 
the TaD, fco, g phase structure is formed, in this phase the jump fre-
8 *" 1 quency is still large (10 sec ) and for TaD^ with x < 1 there is a 
statistical occupancy of the allowed D sites, in spite of the high jump 
frequency, the deuterium electric quadrupole interaction in the p phase 
structure is not averaged to zero. As the temperature is lowered, a 
further ordering of the deuterium atoms may occur on the allowed sites 
of the TaD structure. This further ordering and the reduced jump fre­
quency have only a small effect on the quadrupole coupling constants. In 
fact, these parameters are nearly independent of deuterium concentration 
and temperature. 
2. Tantalum resonance 
Unlike the ^^Nb resonance, the ^^Va resonance was not observable in 
any of the samples. At temperatures up to 460K and modulation amplitudes 
up to 28 Oe, no resonance was found. This result was not unexpected in 
90 
view of the fact that the Ta nucleus has an electric quadrupole moment 
twenty-five times that of Nb. Assuming a distribution of electric field 
93 gradients (EFG) similar to that producing a 14 Oe wide Nb line at 300K 
181 in NbDg the Ta linewidth could be expected to be of the order of 
350 Oe wide. Such a Ta spectrum would be unobservable and no resonance 
was, in fact, found. 
D. The Vanadium Deuterides 
_1_. Deuterium resonance 
The deuterium resonance in the vandium deuterides presented a more 
complex case than that encountered in the tantalum and niobium deuterides. 
2 The characteristic change in the D lineshape with temperature, noted ^or 
the deuterides discussed earlier, was also observed in the vandium sam­
ples. The complication in the vanadium deuteride case, however, consisted 
in the presence of a combination of two quadrupole split spectra in the 
low temperature lineshape, in contrast with the single quadrupole split 
resonance observed in the niobium and tantalum cases. An example of the 
2 
variation of the D lineshape with temperature is seen in Figures 4.25 
and 4.26. 
Above 300K only a single unsplit resonance was observed in VD^ 
Below 200K a combination of two quadrupole split spectra were found. A 
mixture of all three spectra were seen in the vicinity of 205K. A de­
crease in the temperature well below 200K resulted in a change in the 
relative intensities of the two quadrupole split spectra (see Figure 
4.26). 
91 
22.900 22.950 23000 
MODULATION 
K—-4 
AMPLITUDE 
0 RESONANCE IN 
T=300 K 
(/> 
5 
>• 
CE 
< 
IE h-(D 
CE 
< 
T--204 K 
w 
> 
§ 
IE W Q 
T=199K 
•AAwV 
z 
o 
Q. 
IE O to 
m 
<5 
1=174 K 
23.000 22.950 
MAGNETIC FIELD (Oe) 
22.900 
Figure 4.25. The variation of the resonance with temperature is 
shown for VDq 
92 
RESONANCE IN VD, 0.59 
y__ = l5 MHz 
op 
T = I74K 
MOD. AMPL. 
A 
ZD ! 
ë I— 
CO 
cr 
5 
i 
cc 
a 
\ A I 
: 
'V I 
T = 77K 
W 
V 
E T=4.2K 
g ' 
en 
CO 
< 
Wl 
; \ /  
' V 
H 
vv 
22.900 22,950 23,000 
MAGNETIC FIELD (Oe) 
Figure 4.26. The low temperature D resonance consisting of two quad-
rupole split spectra is shown at several temperatures. 
93 
This behavior of the lineshape was typical of the vanadium deuterides 
and prompted a modification of Dr. T. Pinter's computer program for line-
shape synthesis, the program used earlier in the analysis of the niobium 
and tantalum deuterium resonances. He provided for the addition of a 
second quadrupole split spectrum having the same adjustable parameters 
as the first, i.e., the peak-to-peak amplitude, the asymmetry parameter 
T|, the lowest pure quadrupole frequency Vq^, the half-width and the 
center field value H^. In addition, the program calculated the relative 
intensities of the three component spectra. A comparison of several 
synthetic lineshapes with their corresponding experimental spectra is 
seen in Figure 4.27. The synthetic lineshapes provide surprisingly good 
approximations to the experimental spectra. 
2 Although all of the vanadium deuterides exhibited the D lineshape 
behavior seen in Figure 4.25 and 4.26 for the VD^ ^5 sample, none were 
as easily observable or measurable. The source of this difference is 
believed to be the oxygen and nitrogen content of the samples (see Table 
3.1). The VDQ  sample was relatively pure in comparison with the 
2 
others, making the D resonance more readily discernible. The spectra 
seen in Figure 4.25 were each obtained in a time of the order of two 
hours. Spectra of comparable quality in the other vanadium deuterides 
required times of the order of 24 hours. Such experiments were not fea­
sible using the available techniques (see Section B of Chapter III). As 
2 
a result no D spectra were acquired between 77K and 300K for VDQ  gy; 
V°0.30 ""0.72-
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In view of the quality of the signals obtained and the lack of data 
between 300K and 77K for several samples, a quantitative analysis of the 
2 transition in D lineshape with temperature, similar to that done in 
the tantalum and niobium deuterides, was not attempted. Instead, the 
critical temperatures and transition widths associated with the dis­
appearance of each quadrupole split spectrum were approximated in the 
following manner. In discussing the transition in the D lineshape in 
the niobium and tantalum deuterides, we noted that when the deuterium 
spectrum consisted largely of an unsplit line with the quadrupole split 
spectrum on the verge of detection, more than half of the sample was 
contributing to the quadrupole split spectrum. Hence, the highest tem­
perature at which the quadrupole split spectrum was still observable, 
was very close to the critical temperature. In the vanadium deuteride 
samples, the critical temperature was chosen as the highest temperature 
at which the existence of the quadrupole split D spectrum was detect­
able. The transition widths were obtained by using the critical tem­
perature as one measuring point and the temperature of the first appear­
ance of the unsplit line as the second. The results appear in Table 4.7. 
Table 4.7 Critical temperatures and transition widths for vanadium 
deuterides 
Sample " 2 
(K) (K) (K) (K) 
VDq 27 > 405 > 100 
VDq ~ 390 > 90 
VDq ~ 300 100 220 20 
VDo 72 77 < Tc^ < 300 < 220 77 < Tc2 < 
96 
T and AT, are associated with the outer quadrupole split spectrum 
Ci I 
(larger while T and AT„ correspond to the inner quadrupole split Q, Cg ^ 
spectrum (smaller Vq^) as seen in Figure 4.27. In all but VDq the 
results are only rough approximations. However, several features can 
be noted. The critical temperatures both appear to decrease with in­
creasing deuterium concentration. In addition, the transition width 
ATp associated with the disappearance of the larger VQ^ quadrupole split 
spectrum, is quite large. 
in the two lower deuterium concentrations samples, VDq gy and 
VDQ  ^ Q ,  only one quadrupole split spectrum was observed. In Figures 
2 4.28 and 4.29 the change in the 0 resonance with temperature is shown 
for one of the samples. The strength and quality of the resonance 
in this sample were noticeably poorer than that in VDQ as mentioned 
above. At 301K the resonance consisted of an unsplit line and one quad­
rupole split spectrum. At lower temperatures, between 300K and 77K, 
the unsplit line disappeared leaving a single quadrupole split spectrum. 
A comparison of the lineshapes in the four samples at liquid helium 
temperature is seen in Figure 4.30. The quadrupole split spectrum having 
the larger Vq^ is visible in all four samples while the other is seen 
only at the higher concentrations. Note that the relative intensities 
of the two quadrupole split spectra are different in the two samples 
""0.59 V°0.72-
As the preceeding figures indicate, the deuterium resonance in the 
vanadium deuterides was more complex than that seen in the tantalum and 
niobium deuterides. The appearance of two quadrupole split spectra that 
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were both temperature and concentration dependent was unexpected and. 
at first, unexpI ai nable. An understanding of the temperature dependence 
of the crystal structure proved useful in interpreting the observations. 
Knowledge of the crystal structure of the vanadium - deuterium sys­
tem was essential to an understanding of the results of this NMR investi­
gation. One unexpected complication encountered here that did not appear 
in the niobium and tantalum - deuterium systems, was the inequivalence 
of the V - H and V - D phase diagrams. A number of investigators (15,58, 
59,60,61) have reported significant differences between the two. The 
vanadium - hydrogen system is similar in some respects to the niobium 
and tantalum systems. The phase diagram of Maeland (62) is seen in 
Figure 4.31. The bcc, solid solution, a phase has a lattice parameter 
of 3.03 % which increases to 3.04 A at VH^ The body centered tetra­
gonal g phase has parameters a = 3.00 A and c = 3.30 8. The fee 7 phase 
appears at VH^ 
The V - D phase diagram is still somewhat uncertain, especially be­
low 3OOK, though its general features are agreed on. Figure 4.32 is the 
phase diagram given by Asano and Hirabayashi (58) based on their neutron, 
x-ray diffraction, and heat capacity measurements. Using only x-ray 
results, Hardcastle and Gibb (60) arrived at a similar diagram in which 
the phase boundaries were at a slightly lower concentration. The partial 
phase diagram of Westlake and Mueller (15) summarizes their x-ray and 
neutron diffraction results. !t has the phase boundaries at slightly 
higher concentrations and temperatures than Asano and Hirabayashi's. 
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The Q; and G phases in the deuterium system are nearly identical in 
structure to the corresponding phases in the hydrogen system. Neutron 
diffraction results (63,64,65,66,67,68,69) indicate that the deuterium 
nuclei are diffusing rapidly among a large number of tetrahedral sites 
in the a phase. In the p phase the deuterium atoms are ordered in mostly 
octahedral (~ 85%) sites, with the remainder in the tetrahedral sites 
(15,68). The monoclinic (a ~ c ~ 4.46 3.00 P ~ 95.5°) 3 phase 
structure results from a small distortion of the bcc metal structure. 
The 6 and j (not the fee y phase of the hydride) phases of the V - D 
system have a bcc metal lattice, but the deuterium positions require an 
orthorhombic unit cell (58,59). These two phases have structures very 
similar to those of the ordered NbD and TaD systems discussed earlier 
(69). Asano and Hirabayashi (58) believe the deuterium nuclei to be In 
tetrahedral sites in the 6 and 7 phases though Westlake et a_l_. (59) are 
unsure. A summary of the crystal structures of the V - D system according 
to Asano and Hirabayashi (58) appears in Table 4.8. 
In the light of the neutron diffraction results and the V - D phase 
diagram, the initially puzzling NMR data become somewhat intelligible. 
Consider first the VD^ sample. For T > 410K (a phase) the deuterium 
atoms are diffusing rapidly (lo'^ sec ^) among the tetrahedral sites 
(70,71) averaging the quadrupole interaction to zero. Near 400K the 
sample begins to form the p phase, in which the deuterium atoms occupy 
2 
mostly octahedral sites. In this phase the D quadrupole interaction 
is not averaged to zero in spite of the rapid diffusion (lo"^ sec ') of 
the deuterium atoms. The situation is similar to the case in the NbD 
Table 4.8 Crystallographîc data of the V - D system 
Phase metal lattice deuterium lattice 
deuterium arrangement 
in the metal 
1attice 
a b.c.c disordered in tetrahedral 
si tes 
b.c.t 
base-centered 
monoclinic 
body-centered 
tetragonal 
ordered in octahedral 
sites 
b.c.c orthorhombic ordered in tetrahedral 
s i tes 
6 b.c.c base-centered 
orthorhombic 
ordered in tetrahedral 
s i tes 
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and TaD samples immediately below their critical temperatures. However, 
the measured here is substantially different from the of the 
deuterium nucleus in NbD and TaD. The choice of octahedral sites here 
versus tetrahedral sites in NbD and TaD may be the reason for the dif­
ference. Below 300K, the sample is entirely In the g phase with only 
the quadrupole split spectrum (T] ~ 0.10), Vq ~ 110 kHz) visible at 77K 
2 
and 4.2K. The temperature dependent variation of the D spectrum in 
VDq 20 very similar. The critical temperatures of the quadrupole 
2 split D spectrum in VD^ and VDq approximate agreement 
with the a + ^ (X phase boundary. 
The VDq gg sample is the most intriguing one for several reasons. 
First, its composition places it in the most interesting part of the 
phase diagram. Second, the data on this sample is of a better quality 
and covers the region from 77K to 300K more thoroughly. As the tem-
2 perature decreases from above room temperature, a quadrupole split D 
spectrum (T] ~ 0.10, Vq^~ 110 kHz), similar to that found in the low 
concentration samples, begins to appear near 300K and increases in in­
tensity. This change is attributed to the growth of the g phase, as in 
the VDq 2j and VD^ samples. Although the critical temperature 
T^ = 300K is~50K below in the a' + 3 ' a' phase boundary, this dif­
ference is not considered serious since the boundary is steep in this 
region and its position uncertain (60). As the temperature is lowered 
further, a second quadrupole split spectrum (T] ~ 0.10, 59 kHz) 
is seen to grow out of the unsplit line near 220K. This critical 
temperature T corresponds to the 3 + a' •—» g + 6 phase boundary. In 
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the 6 phase a number of the deuterium nuclei occupy tetrahedral sites 
(probably). As a result, the second quadrupole split spectrum is pre­
sumably due to the deuterium atom occupation of tetrahedral sites in 
this 6 phase. This postulate is supported by an additional piece of 
evidence. The 6 phase is very similar in structure to the ordered 
phases of NbD and TaD. The deuterium atoms also occupied tetrahedral 
sites in the latter and had quadrupole coupling constants in approximate 
agreement with those of this second quadrupole split spectrum. 
Because of the presence of two quadrupole split spectra and the 
poor quality of the resonances, only the singularities were detectable. 
Hence, a unique determination of both T] and Vq^ for each spectrum was not 
possible. (See Section A of Chapter IV). The lineshape observed sug-
guested an Tj value in the range 0.0 < T] < 0.25 and a value of 0. 10 was 
chosen. Using this assumption, the values of could be extracted from 
the experimental spectra using Eq. (2.73). The results are displayed in 
Table 4.9. As in the case of the other deuterides, the parameters were 
Table 4.9 Quadrupole coupling parameters for vanadium deuterides 
Sample ^1 ^1 ^2 ^ (kHz) (kHz) 
VDg 2^ - 0.10 112(73) 
VDq ~ 0.10 110(85) 
VDg 29 - 0.10 108(95) ~ 0.10 59(32) 
VDq ~ 0.10 105 ~ 0.10 59 
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determined at liquid helium temperatures where the resonance was the 
strongest. On increasing the temperature, these parameters decreased 
slightly having the values in parentheses near the transition region. 
For VDq no values are given in parentheses. The critical tempera­
tures T and T both fall in the range 77K to 300K, where no spectra 
c^ C2 
could be obtained because of experimental difficulties. Hence, the 
quadrupole coupling parameters could not be measured in the vicinity of 
the critical temperature in this case. 
As noted earlier, the relative intensities of the two quadrupole 
split spectra changed with temperature and deuterium concentration. The 
modified form of the lineshape synthesis program allowed a quantitative 
measure of these relative intensities by approximating the experimental 
spectra with synthetic spectra of known relative intensity. The results 
are displayed in Table 4.10 as percentages of the signal that contribute 
Table 4.10 Intensity of quadrupole split spectra in vanadium deuterides 
S amp 1e Temperature 
(K) 
Intensity of small Vq 
spectrum, 
(%)  ^
Intensity of largev-
spectrum, 
(%) ^ 
^^^0.27 4.2 77 
300 
0 
0 
0 
100 
100 
78 
V»0.30 4.2 
77 
300 
0 
0 
0 
100 
100 
48 
V»0.59 4.2 
77 
181 
57 
69 
65 
43 
31 
35 
V»0.72 4.2 
77 
300 
81 
64 
0 
19 
16 
0 
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to each quadrupole split spectrum. The calculations are given at liquid 
helium, liquid nitrogen and room temperatures, except ir. the case of 
VDq gg where a spectrum was obtained at a temperature immediately below 
the appearance of an unsplit line. Where the percentages at one tem­
perature total less than 100%, the difference is the intensity of the 
unsplit resonance. It is important to note at this point that the per­
centages listed in Table 4.10 are only fractional intensities of the 
observed spectra. The fraction of all the deuterium nuclei in a partic­
ular sample that contribute to the observed spectrum is not known. Hence, 
the percentages listed must be viewed in that light. 
An interpretation of the computational results displayed in Table 
4.10 rests on the correlation between the choice of deuterium sites and 
the value of In the two low deuterium concentrations samples, where 
only one quadrupole split line was observed (larger the neutron dif­
fraction data indicated deuterium atom occupancy of octahedral sites. 
In VDq gg the appearance of the smaller Vq^ quadrupole split spectrum 
coincided with the formation of the 6 phase, in which the deuterium atoms 
occupied tetrahedral sites. These phenomena point to a correlation be­
tween deuterium atom occupation of the tetrahedral (octahedral) sites 
and the presence of the smaller (larger) quadrupole split spectrum. 
The calculations shown in Table 4.10 then suggest a preferential filling 
of octahedral sites at low (D/V < 0.30) deuterium concentration and of 
tetrahedral sites at high (D/V > 0.60) deuterium concentration. There is 
a partial occupation of octahedral sites even at higher concentrations, 
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but this decreases with increasing concentration. The ratio of site 
occupancy appears to be relatively temperature independent. 
A few NMR experimentalists have examined the vanadium - deuterium 
system (38,61), but several more have investigated the vanadium - hydro­
gen system (40,61,72,73,74,75,76). Zogal and Stalinski (72) reported 
the presence of two proton lines at T < 150K, one broad 14 Oe) and 
one narrow (~ 2 Oe) for compositions between VHQ and VHQ . The 
presence of two lines suggests the existence of two phases and the 
occupation of two sets of sites in the sample, as proposed earlier for 
the V - D system for concentrations D/V > 0.60. The intensity of the 
narrow line increased at the expense of the broad one near 170K. As 
the temperature increased further, the two lines merged and the narrowing 
left a residual linewidth of ~ 1.3 Oe. The similar motional narrowing 
of the proton resonance in the niobium and tantalum hydrides was observed 
between 150K and 200K (29,31,53,56). 
2 Pedersen and Slotfeldt-El1ingsen (38) detected the D resonance at 
room temperature in a powdered VDQ sample. They reported quadrupole 
coupling parameters of T| ~ 1.0 and = 47.3 - 0.5 kHz. Arons et £]_. (61) 
have pointed out that they incorrectly evaluated their spectra. An exami-
2 
nation of the D spectrum at lower temperatures showed the asymmetry pa­
rameter T| to be approximately zero. The reported value of and the 
corrected value of T] are in approximate agreement with our results. 
Arons et a_[. (61) have examined the V - D system more thoroughly. 
They employed pulsed NMR on essentially single crystal foils of various 
ni 
concentrations and over a considerable range of temperature (4.2K to 
410K). Their results are in excellent agreement with ours. For VDQ 
only one quadrupole split spectrum (1] ~ 0.0, = 55 kHz) was found and 
only below 230K. VD^ possessed two quadrupole split spectra (1] ~ 0.0, 
= 55 kHz; T] ~ 0.0, = 100 kHz) at low temperatures (4.2K). The 
= 55 kHz spectrum disappeared near 230K, while the critical tempera­
ture for the Vq = 100 kHz spectrum was not given, in VD^ the spectra 
are similar to those of VD^ though the Vq^ = 100 kHz spectrum did not 
disappear until ~ 400K. In the VDq jg and VD^ samples only the 
= 100 kHz spectrum was visible for T < 400K. The number of quad­
rupole split spectra observed at a particular concentration, the measured 
values of the quadrupole coupling constants and the critical temperatures 
are all in good agreement with our results. 
Arons et a_[. (61) also noted that the value of the smaller varied 
continuously from zero to 55 kHz over a temperature range of 6K in the 
samples VD^ and VDq g^. We measured a similar change in Vq^ in VD^ 
over a somewhat larger range (~ 15K). The phenomenon is not understood. 
Arons et (61) concur with our suggestion for the source of the two 
quadrupole split spectra. We believe that deuterium atom occupation of 
the octahedral sites in the g phase gives rise to the = 100 kHz 
quadrupole split spectrum, while the tetrahedral occupancy in the Ô 
phase produces a = 55 kHz spectrum. 
Returning now to the VDq sample, the disappearance of the inner 
quadrupole split spectrum near 220K left a strong unsplit resonance of 
several Oe width. An increase in the temperature above this point 
1 12 
produced a motional narrowing of the line from 4.1 to 2.5 Oe. A series 
of linewidth measurements between 250K and 400K allowed a calculation 
of the activation energy accc ding to (77) 
= A exp (- E^^^/RT) (4.1) 
and 
= 2(2^n 2)^/^ (•^) 5H/tan [ j (6H/6H^) ] (4.2) 
where ÔH is the observed linewidth, 6H^ is the observed rigid lattice 
(low temperature) linewidth, y is the gyromagnetic ratio, T is the tem­
perature, is the correlation (jump) frequency, and R is the universal 
gas constant. The results are seen in Figure 4.33 and the data are 
presented in Table 4.11. A value of 5.0 Oe was used for 6H^ based on 
2 Table 4.11 Linewidth of unsplit D resonance in VD^ 
Temperature 6H Vc 
(K) (Oe) (10^ sec ' 
382 ± 4 2.5 9.6 
355 ± 1 2.7 8.3 
326 ± 1 3.1 7.0 
299 ± 1 3.3 6.2 
282 ± 1 3-6 5.4 
253 ± 3 3.9 4.2 
a linewidth measurement at 221K. These calculations yielded an activation 
energy of 1.23 kcal/gm-mole (0.053 eV). 
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The narrowing of the unsplit deuterium resonance is associated 
with the increase of the diffusion rate in the a' phase. The only 
other measurements of the activation energy of deuterium In vanadium 
were done by Volkl et aj^. (70), Cantel 1 i et (71) and Schaumann 
et al. (78) using the Gorsky effect. They reported an activation energy 
of 1.84, 1.68 and 1.84 kcal/gm-mole, respectively, for a few percent 
deuterium in vanadium (a phase). Their results are somewhat larger 
than the value we calculated. The discrepancy may be traceable to the 
different portions of the phase diagram in which the measurements were 
taken. 
2. Vanadium resonance 
The resonance in the deuterides studied is similar to that of 
the ^^Nb resonance discussed earlier. As in the case, the 
nucleus has a half-odd-integer spin (7/2) and a large electric quad­
ruple moment (^ 10 times that of deuterium but ~ 5 times less than that 
of niobium). Hence, the resonance lineshape described in Section D of 
Chapter I I is the appropriate one. As in the niobium case, the metal 
resonance consisted of only one unsplit line. No "satellites" were ob­
servable for one of two reasons. Either the quadrupole interaction was 
not sufficiently strong to generate "satellites" well resolved from the 
central transition, or the interaction was sufficiently strong but the 
quadrupolar inhomogeneous broadening smeared the "satellites" beyond 
detectabi1ity. No choice between these two could be made on the basis 
of the spectra obtained. 
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93 51 In contrast to the Nb resonance, the V resonance was observable 
at all temperatures with its intensity having no noticeable temperature 
dependence. The linewidth AH and Knight shift K also showed negligible 
temperature dependence. One interesting feature was noted in the 
resonances in the two lower deuterium concentration samples VDQ and 
VDQ Two resonances of approximately the same linewidth but with 
slightly different Knight shifts were observed in these samples. In 
VDQ 2q the resonance having the smaller K moved towards the larger K 
line, disappearing near 400K. This temperature is in excellent agree­
ment with the a + ^  a phase boundary of Figure 4.32. This fact 
suggests that the observation of two lines below 400K is due to the 
presence of two phases. The K = +0.66% line is associated with the g 
phase and the K = +0.61% line with the a phase. If the formation of the 
P phase in the low concentration V - D samples is similar to the precipi­
tation of TagD (p phase) in TaD^ (45) and NbD^ (p phase) in NbDg 
(23), the p phase in VDQ ^ significantly higher deuterium con­
centration than the a phase with which it is in equilibrium. These con­
clusions are in agreement with the reported increase in Knight shift with 
deuterium concentration (40,61,73,76). The one line at K = +0.65% for 
T > 400K is associated with the a phase. At this temperature the a 
phase has an increased deuterium concentration as a result of the dis­
appearance of the p phase in the sample. This point is reflected in the 
increased Knight shift of this phase. Figure 4.34 shows the transition 
f r o m  t w o  l i n e s  t o  o n e  f o r  V D Q  
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Figure 4.34. The resonance in VD^ is shown as a function of 
temperature. 
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In VDQ  27 two lines with Knight shifts and linewidths similar to 
those observed in VDQ were measured. Both lines were visible and 
unchanged in position at all temperatures up to 438K. No spectra were 
obtained above this temperature. The absence of the transition of the 
two lines into one suggests the presence of some unreacted metal in the 
sample. The value of the Knight shift for the K = +0.59% line is in 
close agreement with the metal Knight shift and lends support to this 
view. Further investigation of this portion of the phase diagram is 
clearly needed. 
The presence of two lines having slightly different Knight 
shifts was also noted by Arons et (6I) and Von Meerwall and Schreiber 
(73) for concentrations in the a + p phase region. Neither reported the 
Knight shift values for each of the lines, while the latter only indi­
cated the Knight shift increased from +0.56% to +0.75% for H/V increasing 
from 0.0 to 0.8. 
A summary of the linewidth and Knight shift measurements for 
the deuterides is presented in Table 4.12. 
Table 4.12 Knight shifts and linewidths of ^'v in vanadium deuterides 
Sample Knight shift K Linewidth H 
CO (Oe) 
VDQ 2 7  0.67,  0.59 ± 0.02 12.0, 10.0 ±2,0 
VD _ 0.66, 0.61 ± 0.02 13.0, 11.0 ±2.0 
(0.65 for T > 400K) (11.0 ±2.0) 
VDQ GG 0.71 ± 0.01 10.3 ± 0.5 
VDQ ^2 0.73 ± 0.01 10.2 ± 0.5 
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Only one line was observed in VDQ  at temperatures between 
120K and 350K. No change in the linewidth or Knight shift with tem­
perature was noted. The resonance in VDq behaved similarly over 
the temperature range 30K to 435K. Several phase boundaries occur in 
this portion of the phase diagram. The presence of only one line and 
the absence of any change with temperature indicates that the Knight 
shift is the same in the several phases. Arons et (6l) noted no 
difference in the Knight shifts of the a' and p phases. The value of 
the Knight shift at these concentrations is in good agreement with 
published results (40,61,73,76). The data are consistent with the 
donation of the deuterium atom's electron to the conduction band of the 
metal (40,73,76) and the situation is analogous to the vanadium chromium 
alloys (40,79). 
The large uncertainty in the linewidths for these same samples re­
flects the difficulty in determining this parameter when two resonances 
are closely positioned, A calculation of the dipolar broadening contri­
bution to the ^^V resonance linewidth, following Abragam (4) and Van 
Vleck (39), was performed. Using the g phase body centered tetragonal 
structure (a = 3.00 %, c = 3.30 R), the vanadium contribution to the 
linewidth was found to be 7.8 Oe. Since the positions of the deuterium 
nuclei were uncertain and their contribution estimated to be small, their 
presence was not taken into account In the calculation. The computed 
dipolar linewidth is several Oe smaller than the observed value. The 
quadrupole interaction of the ^'v nucleus with its environment is the 
probable source of the additional width. 
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V. SUMMARY AND CONCLUSIONS 
The self-diffusion of interstitial deuterium in the transition 
metal deuterides NbD^, and TaD^ with 0.2 ^ x s 0.9 was studied 
in the temperature range 4.2K ^ T ^ 450K by means of nuclear magnetic 
2 
resonance. Both the deuterium ( D) and the metal (except Ta) resonances 
were investigated in polycrystal1ine (powdered) specimens. 
2 A narrow (< 1 Oe), single line, D resonance was observed in the 
NbD and TaD samples above a critical temperature T . Below T , a 
x x c cr 
spin one electric quadrupole split resonance, characterized by the 
asymmetry parameter Tj and the lowest pure quadrupole frequency was 
found. The results 1\ = 0.12 ± 0.05, = 50 ± 2 kHz for NbD^ and 
T| = 0.20 ± 0.05, = 51 ± 2 kHz for TaD were typical. A negligible 
X. X 
deuterium concentration dependence and only a small temperature de­
pendence were noted in the values of T| and Vq^. The critical tempera­
ture 400K for NbD^ and ~ 350K for TaD^J varied with the deuterium 
concentration and was in good agreement with the reported a + g «—• a' 
phase boundary of Walter and Chandler (25) and the a + ^ a. phase 
boundary of Mueller et (18), respectively. 
I I 93 At the same a +  ^ *~* a phase boundary, the Nb resonance in the 
deuteride demonstrated an abrupt change in intensity. The marked de­
crease in intensity accompanying the formation of the p phase was 
attributed to quadrupolar broadening of the resonance due to the change 
in the crystal structure from body centered cubic to face centered 
93 
orthorhombic. The Nb Knight shift was measured and found to decrease 
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with increasing deuterium concentration. The results were consistent 
with the contribution of a portion of the deuterium atom's electron 
181 density to the conduction band of the metal. The Ta resonance in 
the deuteride, however, was not observable under any conditions due to 
181 the large size of the quadrupole moment of the Ta nucleus. 
2 The D spectra in the vanadium deuterides were noticeably weaker 
in intensity than the corresponding spectra in the niobium and tantalum 
deuterides. The impurity content of the samples was the expected source 
2 
of the reduction in intensity. In addition to this complication, the D 
spectra in the vanadium deuterides were more complex in character. Two 
2 quadrupole split D spectra (T] ~ 0.10, = 59 kHz; T] ~ 0.10, Vq^ = 110 
kHz), each with a different critical temperature, were observed. The 
smaller spectrum was only present in the higher concentration samples 
(D/V > 0.5) and only in the low temperature (T < 220K), 6 phase. This 
spectrum and phase were very similar to the quadrupole split spectrum 
and p phase of NbD^ and TaD^. A deuterium atom occupancy of a fraction 
of the tetrahedral sites was the suspected source of this quadrupole 
split spectrum, in the g phase of VD^, the occupancy of octahedral 
sites by the deuterium atoms was the surmised origin of the Vq^= 110 kHz 
spectrum observed in each of the samples. 
93 51 In contrast with the Nb resonance, no marked change in the V 
intensity in the deuteride at the critical temperature was noted. Very 
51 likely, the much smaller quadrupole moment of the V nucleus accounted 
for this difference. The Knight shift was measured and demonstrated 
93 the same concentration dependence as the Nb Knight shift. 
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The underlying phenomenon responsible for the temperature depen­
dence of the deuterium resonance lineshape in the metal deuterides is 
the diffusion of the deuterium atoms. The possible interstitial sites 
occupied by the deuterium atoms and the time spent per site change with 
the temperature and the composition of the sample. In order to under­
stand the observed deuterium lineshape, a knowledge of this diffusion 
rate and site occupancy of the deuterium atoms is required. 
We consider first the niobium and tantalum deuterides, since they 
are very similar and less complicated than the vanadium deuterides. 
Neutron diffraction results (22,42,43,80) for compositions close to 
equiatomic indicate the ordering of the deuterium atoms on a set of 
tetrahedral sites below~ 380K for TaD (see Figure 4.10). At this 
composition the deuterium atoms completely fill the allowed sites of 
the structure. For lower deuterium concentration samples, there is a 
statistical occupancy of the permitted sites of the NbD structure below 
T^ and a further ordering on a subset of these sites at lower tempera­
tures (23,44,45,46). Somenkov et al. (23) report NbD^ ordering to 
NbDg at 270K and subsequently to NbDg at 170K. TaD^ is re­
ported to undergo a second ordering to a Ta^D^ structure at 250K (44). 
Similarly TaD^ ordered from a TaD structure to a Ta2D structure below 
room temperature (46). Pet run i n et aj_. (45) report the precipitation 
of a TagD structure in TaD^ at 228K. 
These results signify a sequence of disorder - order transformations 
in which the occupied deuterium sites are progressively limited in number. 
Each transition results in a further ordering of the deuterium atoms on 
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a subset of the occupied sites of the next higher temperature structure. 
As a result, for all but the completely ordered structure there is a 
statistical occupancy of the sites and thus diffusion between sites 
occurs. 
A measure of the diffusion rate as a function of temperature is 
provided by the proton NMR results in the corresponding hydrides (28,31, 
32,47,50,53), since the metal - hydrogen and metal - deuterium systems 
are essentially the same. The spin - lattice relaxation time Tj meas-
surements of Lutgemeier et (32) in the Nb - H system indicate 
hydrogen jump frequencies of lo'^ sec ' or greater in the a phase. A 
sharp decrease occurs at the o: » p phase transition and a jump frequency 
O _ 1 
of 10 sec' is found at 300K. Near 150K another change in the jump 
frequency (presumably downward) takes place. Zamir and Cotts (31) 
published similar findings. The proton linewidth in NbHg NbHg 
and NbHg gg was observed to broaden from ~ 1 Oe near 200K to ~ 17 Oe at 
I5OK by Stalinski and Zogal (29). For diffusional averaging of the 
dipolar broadening of the resonance to occur, the jump frequency must 
be large in comparison with the static dipolar linewidth 10 Oe -• 10^ 
sec ^). Hence, for T < I5OK the jump frequency is < 10^ sec ^. 
The NMR data for the tantalum - hydrogen system is very similar. 
Tanaka and Hashimoto (47) report motional narrowing of the proton 
resonance in TaH^ J Q  in the range I50K to 200K. They computed jump 
5 - 1  h  frequencies of ~ 10 sec at 200K and ~ 10 sec at I50K. Stalinski 
and Zogal (53) showed similar narrowing in TaH^ TaHg TaH^ 
and TaHp in the same temperature range and arrived at similar jump 
123 
frequencies. Pedersen et a^. (54) used measurements of the proton 
spin-lattice relaxation time T, in TaH^ TaH^ 23, TaH^ ^2' TaH^ 
TaHg and TaH^ to determine the diffusion rate. The results were 
similar to those of Lutgemeier ^ (32) and Zamir and Cotts (31) 
for the niobium - hydrogen system. A change in the jump frequency from 
^ IcJ^ sec ^ in the a phase to ~ 10^ sec ' in the 3 phase was noted. 
De Graaf et (67) measured a jump frequency ~ 10^ sec ^ in the a 
phase of TaH^ by quasielastic thermal neutron scattering. 
The vanadium - deuterium system is comparable in several respects 
to the niobium and tantalum - deuterium systems. It also undergoes 
disorder - order transitions (15,58,59,63,64,65,69,81,82,83), but with 
the distinction that the octahedral sites are preferentially occupied 
in the g phase. The neutron diffraction results (15,58,59,68,69) indi­
cate complete ordering of the deuterium atoms below ~ I5OK. Zogal and 
Stalinski (72) reported the broadening of the proton resonance from 
~ 1 Oe to 15 Oe near I7OK because of ordering. In contrast, Rowe et al. 
(64) found the jump frequency in the a phase to be lo'^ sec ' or more. 
Schaumann et (78), Volkl et (70), Cantel 1 i et £l_. (71) and 
De Graaf et (66) obtained similar results. In the Ç> phase Rowe (63) 
and Rush and Flotow (65) observed the diffusion rate to be much smaller 
than than in the ot phase. 
In the matter of deuterium atom diffusion, the results described 
above indicate that the three metal deuterides are essentially identical. 
In the high temperature, low concentration, oc phase the deuterium atoms 
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diffuse very rapidly (10^^ sec"' or greater). In the g phase the 
diffusion rate is reduced markedly, but Is, nevertheless, still large 
8 "1 10 sec ). In the p phase, as the temperature decreases the jump 
4 - 1  frequency diminishes reaching the value ~ 10 sec near loOK. The 
broadening of the proton NMR lînewîdth in each of the corresponding 
metal hydrides (29,53,55,56,72) in the vicinity of this temperature to 
a value of the order of the static dipolar linewidth, implies that the 
hydrogen (deuterium) atoms are moving slowly (< 10^ sec ^) below this 
temperature. The rapid (> 10^ sec ') diffusion of a hydrogen atom be­
tween only two sites results in a reduction of dipolar linewidth by a 
factor of two (see Appendix), so that even a limited form of rapid 
diffusion reflects itself in the linewidth. The neutron diffraction 
results presented above are consistent with the concept of a reduced 
diffusion rate below 180K. But clearly, the Interchange of positions 
by two deuterium atoms is not detectable via neutron diffraction. 
The results of this investigation and several others(34,38,61) In 
which the deuterium resonance in the metal deuterides was examined are 
difficult to reconcile with the reduced rate of deuterium atom diffusion 
at T < ISOK. The conflict arises in the following manner. The quad-
rupole coupling parameters T| and measured for the deuterium resonance 
In all three metal deuterides demonstrated only a small change In value 
^ 10%) In the temperature range T^ to 4.2K. In the vicinity of T^ 
(~ 380K), the deuterium atoms can only reasonably be considered as 
diffusing rapidly between sites. The quadrupole split deuterium reso­
nance observed in each of the deuterides near T^ must then be a motional 
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average over several sites. The proton NMR linewidth is motionally 
averaged at this temperature to a small value (~ 1 Oe), since the dif-
8  - 1  fusion rate (~ 10 sec ) is much greater than the frequency associated 
4  - 1  
with the interaction (~ 10 Oe -» 10 sec ). The diffusion rate is also 
much larger than the electric quadrupole interaction (10^ sec but 
it is not averaged to zero. If the quadrupole interaction is motionally 
4 -1 
averaged, then the decrease of the diffusion rate below 10 sec near 
180K should then produce a change in the quadrupole coupling parameters 
by a factor of ~ 2 (see Appendix). No such change was observed by us 
or others (34,61), 
An unusual, but possible, resolution of the difficulty requires the 
z axis of the principal axes system of the EFG tensor to lie along the 
crystal lographic c axis of the orthorhombic p phase structure. Such a 
direction points midway between two of the nearest neighbor metal atoms, 
a situation that seems unlikely at first. However, Lutgemeier et al. 
(34) in an NMR study of essentially single crystal niobium deuteride 
foils also concluded from their data that this was the orientation of 
the EFG tensor. For such a geometry, 0^ = 0 (see Appendix), and the 
interchange of deuterium positions in the plane perpendicular to the 
c axis has no effect on the quadrupole interaction to first order. The 
quadrupole coupling parameters T| and VQ^ are then nearly independent of 
the diffusion rate, in agreement with our results. 
The postulate put forth here would benefit from further and more 
extensive investigation. The conclusion does provide a reasonable means 
of reconciling the results of this investigation and several others 
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(34^38,61) with the published results of proton NMR, neutron diffraction 
and several other investigations. For the orientation of the EFG tensor 
suggested here, the rapid interchange of the deuterium atoms on the two 
sites (1/4,1/4,1/4) and (3/4,1/4,1/4) of the fco structure of Figure 
4.10 does not result in a reduction of the parameters 1] and Vq^. As a 
2 
result, no appreciable change in the D quadrupole split spectrum occurs 
at the onset of diffusion near 160K provided the motion is confined to 
a plane perpendicular to the c axis. Such a diffusion by protons, how­
ever, would produce the motional narrowing of the linewidth observed by 
several investigators near 160K. A diffusion to one of the sites (1/4, 
3/4,3/4) or (3/4,3/3,3/4) of the unit cell is prohibited since the z 
direction of the EFG tensor is in the opposite direction at these sites. 
The quadrupole interaction would be averaged to zero by a rapid dif­
fusion between a site at z = 1/4 and one at z = 3/4, Hence, in the p 
phase the motion of the deuterium atoms has only a limited effect on 
the quadrupole split spectrum because the deuterium atoms are confined 
to move among a set of tetrahedral sites in a plane perpendicular to 
the c axis. In the high temperature a phase, presumably no such re­
striction applies and the quadrupole interaction is averaged to zero 
by the diffusion. 
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VIII. APPENDIX 
A. Dîffusional Averaging of Dipolar Broadening 
For nuclei with different spins, the contribution to the second 
moment is given by Abragam (4) 
AH^ = I ?Vl(I + 1) E ' ^ (8.1) 
where y and I are the gyromagnetic ratio divided by 2-k and spin of the 
neighboring nucleus, respectively. The distance to the k-th neighbor 
is r., and 9., is the angle between r., and H. Because of the r., jk jk jk jk 
dependence, the nearest neighbors are the most important. 
Consider the deuterium nucleus at (1/4,1/4,1/4) in the fco NbD 
structure seen in Figure 4.10. For simplicity only the four nearest 
neighbor metal atoms will be included in the sum and the deuterium atom 
will be assumed to be at the center of the tetrahedron formed by them. 
Then 
(1 - 3 cos^ 8 2 
Z g ^  [ ( 1  -  3 cos^ ep^+ (1-3 cos^ 0,) 
jk k r,, r 
+ (1 - 3 cos' 0^)^ + (1 - 3 cos^ 04)^] . (8.2) 
What is the effect on the dipolar broadening of the deuterium resonance 
if the two D's at (1/4,1/4,1/4) and (3/4,1/4,1/4) interchange places 
at a rate large compared with the frequency characteristic of the dipole 
interaction (10 Oe -* 10^ sec ^)? The quantity (1-3 ccs^ 0^) is 
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effectively averaged over the two sites. To perform the average con-
sider Figure 8.1, where H is the external magnetic field, r^ is the 
distance to one of the metal atoms and A is a vertical axis parallel to 
r 
the c axis. The angles 0 , 0^ y and cp^ are shown. From the geometry 
it follows that 
cos = cos 0 cos 7 + sin 0 cos cp^ sin 7 (8.3) 
1 2 
where cos 7 = — and sin 7 = -7— . At the neighboring deuterium site 
w5 ^5 
(3/4,1/4,1/4) 
cos 0^ = cos 0 cos 7 + sin 0 cos (cp^ - j) sin 7 (8.4) 
2 
so that the average of (3 cos 0j - 1) over the two sites is 
< 3 cos^ 0^ - 1 > = "3 cos^ 0 + 6 sin 0 cos 0 
(cos 9^ + sin cp^)j . (8.5) 
2 „ , _2 Fo r a powdered sample < 3 cos 0j - 1 > must be averaged over the 
angles 0 and cp^ yielding 
< 3 cos^ 0, - 1 > , = . (8.6) 
8 , 
The remaining terms in Eq. (8.2) average similarly and Eq. (8.1) be­
comes 
= j yVld +1) (j) = 5.88 Oe^. (8.7) 
The dipolar contribution to the linewidth is then 
2 1/2 
ah = 2(AH ) = 4.85 Oe (8.8) 
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O NIOBIUM 
• DEUTERIUM 
^0 
? 
0 NIOBIUM Z=0 
• NIOBIUM Z=l/2 
• DEUTERIUM Z«!# 
Figure 8.1, The fco NbD structure is shown along with the direction of 
H and r^. 
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a factor of two smaller than the static dipolar width. We conclude 
that an interchange of position by two deuterium atoms results in a 
considerable line narrowing. 
B. Diffusional Averaging of Quadrupole Interaction 
Consider a deuterium nucleus at (1/4,1/4,1/4) in the fco NbD 
structure (see Figure 4.10) having an electric quadrupole interaction 
characterized by the parameters T| and Vq^. What effect does a rapid 
diffusion between sites (1/4,1/4,1/4) and(3/4,1/4,1/4) have on these 
values? At the (1/4,1/4,1/4) site let 0^ and cp^ specify the orienta­
tion of the electric field gradient (EFG) principal axes system (un-
primed) with respect to the crystallographic axes (primed) system 
(see Figure 8.2). For simplicity we will only consider the axially 
symmetric case (Tj = 0). Then the EFG tensor in the principal axes sys­
tem is given by 
= -eq/2, = -eq/2, = eq (8,9) 
where the off-diagonal elements are zero. In the crystallographic 
axes system the components of $ are 
5 = eq/2 [3 sin^ 0 sin^ cp - ll (8.10) 
xx o o J 
§ = eq/2 [3 sin^ 0 cos^ cp - l] (8.11) yy L o o J 
= eq/2 [3 cos^ 0Q - l] (8.12) 
5 = 3eq/2 sin^ 0^ sin cp^ cos cp^ (8.13) 
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§ = 3eq/2 sin 9 sin ç cos cp (8.14) 
xz o o o 
I 
§ = 3eq/2 sin 9 cos 0 cos cp . (8.15) yz o o o 
The environment at the neighboring (3/4,1/4,1/4) site is the mirror 
image of that at (1/4,1/4,1/4), the plane bisecting the line joining 
the sites being the mirror plane. The angle 0^ is unchanged while cp^ 
is replaced with j (sin(-cp^ - ^0 = -coscp^; cos(-cp^ -^) =-sincp^) 
by the mirror operation. The components of § at the second site are 
then 
1 1 
«XX = eq/2 [3 sin^ 0^ cos^ -  ' ]  =  (8.16) 
i 1 
= eq/2 [3 sin^ 0^ sin^ "o -  '1 = C (8.17) 
1 1 
^zz 
= eq/2 [3 cos^ 0^ - l] 
1 
= § 
zz 
(8.18) 
t 1 
^xy 
2 
= 3eq/2 sin 0^ sin (p^ 
1 
COS cp = i 
0 xy (8.19) 
i 1 
^xz 
1 
= 3eq/2 sin 0 sin cp cos cp = $ O 0 ^o xz (8.20) 
1 1 
^xz 
= -3eq/2 sin 0 cos 0 O 0 sin cp 0 (8.21) 
The rapid diffusion between the two sites averages the two $'s 
with the following result 
# = eq/4 [3 sin^ 0^ - 2] (8.22) 
$ = eq/4 [3 sin^ 0^ - 2] (8.23) 
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Figure 8.2. The orientation of the EFG principal axes system (un-
primed) with respect to the crystallographic axes 
(primed) system is shown. 
13S 
^zz = eq/2 [3 cos^ 8^ - 1] (8.24) 
i = 3eq/2 sin^ 9 sin cp cos cp (8.25) 
x y  ^  0  0 ^ 0  
I = 3eq/2 sin 0 sin cp cos o (8.26) 
xz ^ o o o 
I = 3eq/4 sin 0 cos 0 (cos cp - sin cp ) . (8.27) yz o o o o 
3 cos2 0^-1 ^yy 
To lowest order is reduced by ^ and T| = g—= 0 
zz 
is unchanged. Assuming the EFG z-axis is along the line joining the 
deuterium atom with a near neighbor metal atcrri, then cos 0^ = and 
VQ is reduced by a factor of 1/5. 
